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EDEM ER-degradation-enhancing -mannosidase-like protein
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MAPK mitogen-activated protein kinase
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NAD N-terminal activation domain
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STRE stress response element
TAR transcriptional activation region
TBP TATA-binding protein
TOR target of rapamycin
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SUMMARY
All organisms have evolved mechanisms to acquire thermotolerance. A moderately high 
temperature activates heat shock genes and triggers thermotolerance towards otherwise 
lethal high temperature. The focus of this work is the recovery mechanisms ensuring 
survival of Saccharomyces cerevisiae yeast cells after thermal insult. Yeast cells, fi rst 
preconditioned at 37ºC, can survive a short thermal insult at 48-50ºC and are able to 
refold heat-denatured proteins when allowed to recover at physiological temperature 
24ºC.
The cytoplasmic chaperone Hsp104 is required for the acquisition of thermotolerance 
and dissolving protein aggregates in the cytosol with the assistance of disaccharide 
trehalose. In the present study, Hsp104 and trehalose were shown to be required for 
conformational repair of heat-denatured secretory proteins in the endoplasmic reticulum. 
A reporter protein was fi rst accumulated in the lumen of endoplasmic reticulum and 
heat-denatured by thermal insult, and then failed to be repaired to enzymatically active 
and secretion-competent conformation in the absence of Hsp104 or trehalose. The 
effi cient transport of a glycoprotein CPY, accumulated in the endoplasmic reticulum, 
to the vacuole after thermal insult also needed the presence of Hsp104 and trehalose. 
However, proteins synthesized after thermal insult at physiological temperature were 
secreted with similar kinetics both in the absence and in the presence of Hsp104 
or trehalose, demonstrating that the secretion machinery itself was functional. As 
both Hsp104 and trehalose are cytosolic, a cross-talk between cytosolic and luminal 
chaperone machineries across the endoplasmic reticulum membrane appears to take 
place.
Global expression profi les, obtained with the DNA microarray technique, revealed 
that the gene expression was shut down during thermal insult and the majority of 
transcripts were destroyed. However, the transcripts of small cytosolic chaperones Hsp12 
and Hsp26 survived. The fi rst genes induced during recovery were related to refolding 
of denatured proteins and resumption of de novo protein synthesis. Transcription factors 
Spt3p and Med3p appeared to be essential for acquisition of full thermotolerance. 
The transcription factor Hac1p was found to be subject to delayed up-regulation at 
mRNA level and this up-regulation was diminished or delayed in the absence of Spt3p 
or Med3p. Consequently, production of the chaperone BiP/Kar2p, a target gene of 
Hac1p, was diminished and delayed in spt3 and med3 deletion strains. The refolding 
of heat-denatured secretory protein CPY to a transport-competent conformation was 
retarded, and a heat-denatured reporter enzyme failed to be effectively reactivated in the 
cytoplasm of the deletion strains.
1In eukaryotic cells, several membranous 
compartments perform highly specialized 
functions. The secretory pathway has a 
fundamental role in maintaining mem-
brane dynamics and transporting proteins 
to their fi nal destinations. The most promi-
nent organelles of the secretory pathway 
are endoplasmic reticulum (ER) and Golgi 
complex, and a large set of secretory ves-
icles conduct protein transport between 
them (Fig. 1). ER has a role as a special 
and very concentrated folding milieu, but 
cytoplasm and mitochondria also have 
their own specifi c folding machineries. The 
signifi cance of correctly functioning folding 
machinery is further emphasized under 
elevated heat and other environmental 
stress conditions.
Yeast Saccharomyces cerevisiae is 
a unicellular eukaryotic organism widely 
utilized in biotechnology and traditionally 
used in brewing and baking. S. cerevisiae 
serves as an excellent model for basic 
research, because its genome has been 
completely sequenced and it is relatively 
easy to manipulate (Goffeau et al., 1996). 
The secretory pathway of S. cerevisiae is 
capable of post-translational modifi cations 
of secretory proteins that are comparable 
with higher eukaryotes. 13% of the pro-
teome of S. cerevisiae are exocytotic in-
cluding the proteins of the ER and secre-
tory vesicles (Kumar et al., 2002).
Review of the literature
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Figure 1. A schematic presentation of the secretory pathway of yeast S. cerevisiae. A 
nascent polypeptide destined to secretion pathway is translocated into the ER lumen, 
transported to the Golgi complex by secretory vesicles and therein sorted to vacuole, 
plasma membrane, cell wall or outside of the cell.
Vacuole
Nucleus
Cell wall
ER
Plasma
membrane
Golgi
2Cellular repair mechanisms of heat-damaged proteins1. 
Thermotolerance1.1. 
All living organisms acquire thermotol-
erance when they are subjected to a 
relatively mild heat shock. The cell goes 
through physiological changes and adapts 
to confront a more severe heat shock. 
During this adaptation, a large amount of 
heat shock proteins (Hsps; see below) and 
other related proteins are produced due to 
up-regulated gene expression while most 
other genes are down-regulated (Miller 
et al., 1982; Gasch et al., 2000). This 
acquired thermotolerance increases the 
cell’s tolerance towards some other stress 
agents such as ethanol and heavy met-
als, but it does not induce osmotolerance. 
Vice versa, pretreatments with moderate 
concentrations of ethanol or heavy metals, 
or even osmotic dehydration, induce toler-
ance to higher temperatures (Lindquist 
et al., 1988; Trollmo et al., 1988; Parsell 
et al., 1993). This phenomenon is called 
cross-tolerance.
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Figure 2. Summary of various types of consequences caused by heat stress, and 
cellular responses counteracting them.
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The temperature needed for the in-
duction of thermotolerance depends on 
the natural environment of the organism. 
For an arctic fi sh living at 0ºC, the heat 
shock temperature is 5-10ºC, but for a 
thermophilic bacterium living at 95ºC, the 
heat shock temperature is 105ºC. For a 
human being it is the fever temperature 
(appr. 40ºC) (Lindquist et al., 1988; Parsell 
et al., 1993). For the baker’s yeast Sac-
charomyces cerevisiae, the normal growth 
temperature is about 24-30ºC and the heat 
shock temperature about 37-39ºC.
Consequences of heat stress1.1.1. 
Heat stress triggers many regulatory cas-
cades in a living yeast cell (Fig. 2). The el-
evated temperature leads to protein dena-
turation in various cellular compartments. 
Especially nascent polypeptide chains and 
folding intermediates are sensitive to high 
temperatures. The hydrophobic amino 
acids of an unfolded protein may interact 
easily with other unfolded proteins in the 
3highly crowded protein environment of the 
cell, leading to aggregation (Parsell et al., 
1993).
Heat induces changes in membrane 
fl uidity, and causes accelerated turnover 
of several plasma membrane proteins. 
When cells are sensing protein damage or 
changes in the saturation of fatty acids in 
membranes, the induction of heat shock 
proteins begins, and the biosynthesis of 
sphingolipids is induced. cAMP-protein 
kinase A (cAMP-PKA)-independent treha-
lose production is stimulated and glycoly-
sis is inhibited. The increased membrane 
permeability causes changes in the intra-
cellular pH and Ca2+-ion levels, leading to 
the stimulation of plasma membrane H+-
ATPase, RAS-adenylate cyclase pathway, 
and Ca2+-activated enzymes. In addition, 
heat stress causes a transient arrest in the 
cell cycle. The general consequences of 
heat stress are reviewed in Piper,1993, 
Piper,1997 and Riezman,2004.
Problems in protein folding can cause 
many kinds of symptoms and diseases in 
yeast and multicellullar organisms. Differ-
ent prion proteins cause amyloidosis, and 
the misfolded protein agents can even 
transmit Creutzfeldt Jacob’s disease (CJD) 
in humans, Bovine Spongiform Encephal-
opathies (BSE) in cattle, and scrapie in 
sheep (reviewed in Prusiner,1998). Hy-
perthermia (i.e. fever) also causes protein 
unfolding and aggregation. During organo-
genesis, embryos are extra sensitive to 
damage caused by elevated temperature. 
For rat and mouse embryos, the elevation 
of two degrees (2ºC) causes defects in the 
central nervous system by apoptotic cell 
death, leading to teratogenic damage in 
the brain (Edwards et al., 1997).
Molecular chaperones and heat 1.1.2. 
shock proteins
The term “molecular chaperone” is used 
to describe a class of cellular proteins 
whose function is to ensure the correct 
folding of other polypeptide chains, protect 
them from aggregation, and mediate their 
renaturation (Ellis,1996a). Chaperones 
are general contributors and do not have 
any special information of an individual 
polypeptide chain (Ellis,1996b), but their 
primary structure contains all necessary 
steric information (Anfi nsen,1973). Chap-
erones recognize exposed hydrophobic 
residues that are buried in a correctly 
folded protein, and they form non-covalent 
interactions with those residues and stabi-
lize them against irreversible aggregation.
Yeast has 63 different chaperones, 
which can be divided into specifi c and pro-
miscuous chaperones (Gong et al., 2009). 
Specifi c chaperones have less than 200 
interactions with other non-chaperone pro-
teins, and they are mostly organelle resi-
dent chaperones in ER or mitochondria. 
Promiscuous chaperones interact with 
200 or more non-chaperone proteins, and 
exist usually in the cytoplasm and nucleus 
(Gong et al., 2009). Chaperones and pro-
teases act merely to prevent the formation 
of aggregates, or to dissolve them. Cel-
lular machineries are able to reactivate 
some proteins even if they have formed 
massive aggregates (Parsell et al., 1993). 
According to one estimate, a given protein 
can interact with up to 25 different chaper-
ones during its lifetime in the cell (Gong et 
al., 2009).
Heat shock proteins were originally 
found after the discovery of a subgroup 
of proteins whose expression is highly in-
duced especially by elevated temperature, 
when most of the genome is repressed. 
Miller et al. (1982) reported the existence 
of approximately 20 heat shock proteins in 
yeast, based on two-dimensional gel elec-
trophoresis. The increase in the quantity of 
heat shock proteins partly causes the ther-
motolerance in heat stressed cells. Heat 
shock proteins are involved in the renatur-
ation of unfolded polypeptides, resolubili-
zation of protein aggregates, and targeting 
of irreversibly unfolded polypeptides for 
degradation after stress (Lindquist et al., 
1988; Ellis,1996a). A subset of heat shock 
proteins are also proteases themselves 
Review of the literature
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(Parsell et al., 1993). Most heat shock pro-
teins are classifi ed as chaperones, but not 
all of them. And vice versa, all chaperones 
are not heat shock proteins. Separate cel-
lular compartments have their own chap-
erones and heat shock proteins, which are 
often divided into families based on their 
approximate molecular mass (Table 1).
Cytosolic chaperones1.2. 
Hsp901.2.1. 
Yeast has two cytoplasmic isoforms of 
the Hsp90 family: Hsp82p and Hsc82p. 
They are highly redundant, but Hsc82 is 
expressed constitutively at high levels, 
whereas Hsp82 is strongly induced by 
Table 1. List of most important heat shock proteins and their locations and functions. 
References in the text.
Protein 
family
Family members 
in S. cerevisiae
Location Functions
Hsp100 Hsp104 cytoplasm, 
nucleus
- extreme heat tolerance (Hsp104)
- resolving of protein aggregates
- involved in prion propagation
mtHsp78 mitochondria - maintenance of respiratory competence 
and mitochondrial genome integrity 
(mtHsp78)
Hsp90 Hsp82 and Hsc82 cytoplasm - essential for viability (one or the other)
- required at moderate high 
temperatures, but not for extreme heat 
tolerance
Hsp70 Ssa- and Ssb-
families
cytoplasm - required for protein assembly, secretion 
and import to cellular organelles 
(Hsp70s)
BiP/Kar2p
Lhs1p
ER - essential for viability (BiP/Kar2p)
- required for translocation and assists 
folding of new polypeptides (BiP/Kar2p)
- required for thermotolerance (Lhs1p)
- refolds denatured and aggregated 
proteins, prevents degradation (Lhs1p)
Ssc1 mitochondria - imports proteins from cytoplasm into 
mitochondria
Hsp60 Hsp60 / 
chaperonin
mitochondria - facilitates folding of monomeric proteins
- refolding after heat shock
Hsp40 
(DnaJ)
Ydj1
Scj1
cytoplasm
ER
- associate with Hsp70s and regulate 
their function
Hsp30 Hsp30 plasma 
membrane
- negative regulation of the stress-
induced H+-ATPase activity
small 
Hsp
Hsp26 cytoplasm - activated under thermal stress by 
structural rearrangement
- resolving of protein aggregates
Hsp42 - functional in unstressed cells
- suppress protein aggregation
Hsp12 plasma 
membrane-
associated
- resistance towards freezing and heat
- maintenance of membrane integrity
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heat and other stresses (Borkovich et al., 
1989). The expression of one or the other 
is essential for viability and growth at nor-
mal temperature (Borkovich et al., 1989), 
and they both are required for the activa-
tion of many cellular regulatory and signal-
ing proteins, such as transcription factors 
and kinases (reviewed in Picard,2002). 
Hsp90 has an important role in helping 
cells survive at moderately high tem-
peratures: a 20- to 30-fold increase in its 
amount is required for growth when the 
temperature increases from 25ºC to 39ºC. 
In contrast, Hsp90 is not required for ther-
motolerance at extreme temperatures 
(Parsell et al., 1993).
Hsp70 family and Hsp40 co-1.2.2. 
chaperones
In the yeast cytoplasm, there are nine 
Hsp70 family proteins named Stress-
seventy subfamily A, B, E and Z proteins 
(Ssa1-4p, Ssb1-2p, Sse1-2p and Ssz1p). 
The most important of these, the proteins 
of the Ssa subfamily, are highly similar 
(over 90% similarity between all members) 
(Boorstein et al., 1994). Ssa1p, Ssa2p, 
Ssb1p, Ssb2p, and Sse1p interact largely 
with the same substrates, suggesting a 
very strong cooperativity or functional re-
dundancy among them. Especially Ssa1p/
Ssa2p and Ssb1p/Ssb2p share the highest 
percentage of interactors. Furthermore, 
there are many interactions within Hsp70 
family members, and particularly proteins 
from the Ssa and Ssb subfamilies are fre-
quently observed in the same complexes 
(Gong et al., 2009).
SSA1, SSA3 and SSA4 are up-reg-
ulated upon heat shock (Werner-Wash-
burne et al., 1987), and the induction is 
mediated by heat shock transcription fac-
tor 1 (Hsf1p) (Halladay et al., 1995). In 
some conditions, Ssa1p and Ssa2p are 
detected in the cell wall (Lopez-Ribot et 
al., 1996), whereas Ssa4p accumulates 
in the nucleus (Chughtai et al., 2001). Af-
ter the stress has passed, the amount of 
Hsp70 family members is reduced by a 
self-limiting mechanism. Hsp70s directly 
interact with HSP70 mRNA and inhibit 
translation (Balakrishnan et al., 2006).
Under stress conditions, interaction 
with Hsp70 may prevent aggregation and 
promote refolding to the native conforma-
tion. Hsp70s are able to refold partly dena-
tured or even aggregated proteins. They 
interact transiently with the short peptide 
stretches of substrate proteins in an ATP-
dependent process (Parsell et al., 1993). 
Hsp40 co-chaperones contain a highly 
conserved J domain, which interacts with 
the ATPase domain of Hsp70 and stimu-
lates the ATP hydrolysis (Walsh et al., 
2004). Yeast has ten cytoplasmic Hsp40 
chaperones, and apart from one, they all 
interact with cytosolic Hsp70 chaperones 
(Gong et al., 2009). Instead, very few inter-
actions have been found between Hsp40 
family members. Most of them are specifi c 
chaperones and have only some interac-
tions, but Ydj1p, Sis1p and Swa1p are 
promiscuous and have more connections 
(Gong et al., 2009). Ydj1p is the regula-
tor of Ssa1p and Ssa2p (Cyr et al., 1994). 
Together Hsp104p, Hsp70p and Hsp40p 
resolve protein aggregates (Glover et 
al., 1998) and regulate the formation and 
growth of prion proteins in the cytoplasm 
(Shorter et al., 2008).
Small heat shock proteins1.2.3. 
Yeast has seven small heat shock pro-
teins (sHsps) (Gong et al., 2009), of which 
cytoplasmic Hsp26 and Hsp42 and cyto-
plasmic but plasma membrane-associated 
Hsp12 are the best characterized (Susek 
et al., 1989; Praekelt et al., 1990; Wotton 
et al., 1996; Sales et al., 2000). Hsp26 
is activated at elevated temperature 
(Haslbeck et al., 1999). At physiological 
temperature it does not interact with un-
folded proteins, but under thermal stress 
at 43-45°C, it undergoes a structural rear-
rangement of the middle thermosensitive 
-crystallin domain, and can interact with 
unfolded polypeptides (Franzmann et al., 
2005; Franzmann et al., 2008).
6The activation of Hsp26 is indepen-
dent of transcription factors, and thus it 
could be the fi rst active chaperone to in-
teract with heat-denatured proteins in the 
cytoplasm after heat induction (Franzmann 
et al., 2008). Hsp26 functionally interacts 
with Hsp104 and Ssa1p to facilitate the 
resolving of protein aggregates (Hasl-
beck et al., 2005b). Hsp26 renders ag-
gregates more accessible to the Hsp104/
Ssa1p/Ydj1p chaperone machinery, as 
shown by studying the resolubilization of 
Hsp26:luciferase co-aggregates (Cashikar 
et al., 2005).
The expression of Hsp42 is up-regu-
lated by many different stresses, such as 
heat and salt stress and starvation (Wot-
ton et al., 1996). The basal expression 
level of Hsp42 is relatively high under all 
conditions, and the protein is functional 
also in unstressed cells (Haslbeck et al., 
2004). Hsp26 and Hsp42 have some com-
mon features: -crystallin domain, the for-
mation of large oligomers with substrates, 
and dynamic quaternary structure (Hasl-
beck et al., 1999; Haslbeck et al., 2004; 
Haslbeck et al., 2005a). They both sup-
press protein aggregation and are stress-
induced by transcription factors Hsf1p and 
Msn2p/Msn4p (Treger et al., 1998; Amo-
ros et al., 2001).
Hsp12 shares structural similarity 
with sHsps, but does not contain the -
crystallin domain (Praekelt et al., 1990). It 
is induced under various stress conditions, 
such as high temperature, osmotic or oxi-
dative stress, and low sugar or high etha-
nol concentrations (Praekelt et al., 1990; 
Stone et al., 1990; Jamieson et al., 1994; 
Piper et al., 1994; Varela et al., 1995). The 
gene is regulated both by cAMP and by 
heat shock (Praekelt et al., 1990). Hsp12 
plays a role in the formation of resis-
tance towards heat and freezing stresses 
(Pacheco et al., 2009), as well as in main-
taining plasma membrane integrity during 
oxidative stress (Shamrock et al., 2008).
Hsp301.2.4. 
Hsp30 is a highly hydrophobic integral 
membrane protein found in the plasma 
membrane (Regnacq et al., 1993). It is 
induced at least by heat shock, ethanol, 
carbon source limitation, and weak ac-
ids (Panaretou et al., 1992; Regnacq et 
al., 1993; Piper et al., 1994; Piper et al., 
1997). Hsp30 is a negative regulator of 
the stress-induced H+-ATPase activity 
(Piper et al., 1997), which mainly main-
tains the proton motive force at the plasma 
membrane, but can be too effi cient and 
energy consuming in stress conditions 
(Piper,1995). Interestingly, the transcrip-
tion of Hsp30 is not activated by the major 
stress-related transcription factors Hsf1p 
and Msn2/4p (Seymour et al., 1999), but 
by Sfl 1p, which has been earlier known to 
operate only as a transcriptional repressor 
of several genes (Galeote et al., 2007).
Hsp1041.2.5. 
Hsp104 is a cytoplasmic member of the 
Hsp100/Clp family of ATPases (Parsell et 
al., 1991). It is barely detectable at normal 
conditions in vegetatively growing yeast, 
but strongly up-regulated during heat 
shock and other stresses, as well as in the 
stationary phase of growth and in spores 
(Sanchez et al., 1990; Sanchez et al., 
1992). The HSP104 null mutant (hsp104 
strain) is viable at physiological tempera-
ture and even at 37ºC (Sanchez et al., 
1990). However, Hsp104 is essential and 
suffi cient for the acquisition of thermotoler-
ance, and only 0.1% of cells survive with-
out the HSP104 gene when exposed to 
more severe heat stress (Sanchez et al., 
1990; Lindquist et al., 1996).
Unlike many chaperones, Hsp104 is 
not involved in the protection of proteins 
from heat-damage, but in refolding de-
natured proteins and dissolving protein 
aggregates after heat shock in an ATP-
dependent manner (Parsell et al., 1994b; 
Glover et al., 1998). Immediately after 
thermal insult, a considerable number of 
protein aggregates is detected in the cy-
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toplasm and in the nucleus of yeast cells. 
During recovery at normal conditions, 
those aggregates disappear in wild type 
cells but persist in hsp104 cells (Par-
sell et al., 1994b). During thermal insult, 
Hsp26 molecules co-aggregate with un-
folded proteins and keep aggregates in a 
state that facilitates effi cient disaggrega-
tion (Cashikar et al., 2005; Haslbeck et al., 
2005b). Hsp104 directly remodels previ-
ously formed protein aggregates in coop-
eration with chaperones Ssa1p (Hsp70) 
and Ydj1p (Hsp40), which provide the 
primary refolding function (Glover et al., 
1998). The association of Hsp104 with 
protein aggregates has also been shown 
by electron microscopy studies (Kawai et 
al., 1999; Tkach et al., 2008).
In normal conditions, Hsp104 is lo-
cated mainly in the cytoplasm and also 
in nucleus, but after a severe heat shock 
(44ºC) the nuclear accumulation is en-
hanced (Tkach et al., 2008). mRNA splic-
ing performed in the nucleus is highly 
sensitive to heat shock, and Hsp104 and 
Hsp70 enhance the recovery of splicing 
after heat shock (Yost et al., 1991; Vogel 
et al., 1995).
The expression of the HSP104 gene 
is regulated with a complicated system; in 
addition to the promoter elements for bas-
al transcription, both heat shock elements 
(HSE) and stress response elements 
(STRE) are found in the promoter area of 
HSP104 (HS- and STR-elements are ex-
plained later in the Review of the literature, 
3. Transcriptional regulation during and 
after heat stress). These elements work 
in cooperation to evoke maximal induc-
tion of HSP104 during stress conditions. 
Each of them is able to fully activate the 
transcription of HSP104 in the absence of 
the other (Grably et al., 2002). The induc-
tion of heat stress genes is transient, and 
Hsp104 is already down-regulated after 60 
minutes at 37ºC with the help of histone 
chaperones Spt6p and Spt16p (Jensen et 
al., 2008).
Hsp104 has two ATP-binding sites, 
which both contain conserved Walker A 
and Walker B motifs involved in nucle-
otide binding and hydrolysis (Parsell et al., 
1991). The ATP-binding sites are essen-
tial for the acquisition of thermotolerance 
and for the reactivation of heat-denatured 
proteins (Parsell et al., 1991; Parsell et al., 
1994b). The fi rst ATP-binding site is es-
pecially necessary for the ATPase activity 
(Parsell et al., 1991). Only one amino acid 
substitution mutation (lysine 218 to threo-
nine) destroys the functionality of Hsp104 
(Parsell et al., 1991; Parsell et al., 1994b). 
Hsp104 forms homohexamers (Parsell 
et al., 1994a), and interactions between 
subunits increase the ATPase activity of 
Hsp104 (Schirmer et al., 2001). The sec-
ond ATP-binding site and the C-terminal 
extension are necessary for the ability of 
the protein to assemble into hexamers in 
an ATP-dependent manner (Parsell et al., 
1994a; Mackay et al., 2008).
The yeast prion [PSI+] forms amy-
loidogenic aggregates and can propagate 
the conversion of normal Sup35 molecules 
to [PSI+]. A suitable amount of Hsp104 is 
necessary for the propagation of prions in 
yeast; either deletion or overexpression of 
HSP104 eliminates the [PSI+] phenotype 
(reviewed in Serio et al., 2000). Hsp104 
promotes disassembly of Sup35 prions, 
and the activity is prevented by some 
Hsp70:Hsp40 combinations but permitted 
by others (Shorter et al., 2008). The ex-
pression of yeast Hsp104 on a rat lentiviral 
model of Parkinson’s disease remarkably 
reduces dopaminergic neurodegeneration 
and phosphorylated –syn inclusion for-
mation (Lo Bianco et al., 2008). Similarly, 
the overexpression of Hsp104 has been 
found to reduce polyglutamine aggregates 
and prolong the lifespan of a transgenic 
mouse, a model of Huntington’s disease 
(Vacher et al., 2005). Furthermore, the 
over-expression Hsp104 can prevent ac-
celerated aging of a mutant yeast strain 
(Erjavec et al., 2007).
8Trehalose1.3. 
Trehalose is a cytoplasmic non-reducing 
disaccharide, which can be synthesized 
by many bacteria, yeast and other fungi, 
plants, insects, and other invertebrates 
(Thevelein,1984; Larsen et al., 1987; 
Behm,1997; Goddijn et al., 1999; Ribeiro 
et al., 1999; Empadinhas et al., 2006), but 
not by mammals (Richards et al., 2002). 
Trehalose, although a sugar, does not 
primarily function as a reserve carbohy-
drate, but as an effi cient protecting agent 
under environmental stress conditions 
(Wiemken,1990). Trehalose has long 
been known to protect yeast cells from 
damage caused by desiccation and heat 
stress, as well as from hyper-saline condi-
tions and ethanol (Hottiger et al., 1987b; 
Sharma,1997). However, the signifi cance 
of trehalose for desiccation tolerance has 
been disputed (Ratnakumar et al., 2006).
Trehalose has been thought to pro-
tect membranes by stabilizing them dur-
ing thermal stress (Crowe et al., 1984; 
Piper,1993; Iwahashi et al., 1995; Sales et 
al., 2000), and lately it has been shown to 
protect cells against reactive oxygen spe-
cies (Shamrock et al., 2008). Endocytosis 
is sensitive to ethanol, and internal treha-
lose protects endocytosis from the inhibi-
tory effect of ethanol (Lucero et al., 2000).
Like Hsp104, trehalose is barely de-
tectable in logarithmic-phase cells, but 
stationary phase cells and spores contain 
signifi cant amounts of it (Kane et al., 1974; 
Lillie et al., 1980). Heat shock, desicca-
tion, oxidation, osmostress and cold stress 
cause an extremely rapid accumulation 
of a large pool of cytoplasmic trehalose 
(Attfi eld,1987; Wiemken,1990). The acqui-
sition of induced thermotolerance is signif-
icantly impaired (100-fold) in the absence 
of trehalose (De Virgilio et al., 1994), com-
parable to hsp104 strain (Sanchez et al., 
1990, see above). Trehalose is known to 
protect native proteins from heat-inacti-
vation (Hottiger et al., 1994) and to sup-
press the aggregation of heat-denatured 
proteins in yeast cytosol, maintaining 
them in a partially-folded state (Singer et 
al., 1998b), from where Hsp104 can reac-
tivate them (Parsell et al., 1994b; Singer 
et al., 1998b). Trehalose and Hsp104 thus 
complement each other; the fi rst providing 
protection, the latter repair.
The deletion of the TPS1 gene caus-
es complete loss of trehalose (Bell et al., 
1998; see below for a detailed view of the 
biosynthesis of trehalose) and further re-
duction of acquired thermotolerance, as 
well as diminished transcription of HSP104 
during heat stress (Singer et al., 1998a). It 
has been shown that the presence of tre-
halose increases the secondary and terti-
ary structure of the C-terminal activation 
domain of Hsf1p (Bulman et al., 2005) and 
the phosphorylation level of Hsf1p (Conlin 
et al., 2007). The transcriptional activity of 
Hsf1p during heat shock response also 
depends on trehalose, thus trehalose di-
rectly infl uences HSP mRNA levels (Con-
lin et al., 2007). 
Hsp104 contributes to trehalose me-
tabolism; in the HSP104 disruption mutant, 
the level of trehalose and the activities of 
trehalose-synthesizing and -hydrolyzing 
enzymes are low during heat shock (Hot-
tiger et al., 1992; Iwahashi et al., 1998). 
In a hsp104tps1 double mutant, the 
acquired thermotolerance is severely 
impaired, indicating synergy between 
Hsp104 and trehalose (Elliott et al., 1996; 
Singer et al., 1998b). Hsp70 chaperones 
of the Ssa subfamily are also necessary 
for the normal production of trehalose 
(Hottiger et al., 1992).
 Metabolism of trehalose1.3.1. 
The biosynthesis of trehalose is a two-
step process in which glucose 6-phos-
phate and UDP-glucose are linked into 
trehalose 6-phosphate (Fig. 3), which is 
then dephosphorylated into trehalose (-
D-glucopyranosyl-1,1--D-glucopyrano-
side) (Cabib et al., 1958). The fi rst step is 
performed by trehalose-6-phosphate syn-
thase (TPS) encoded by the TPS1 gene. 
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The second step is performed by treha-
lose-6-phosphate phosphatase (TPP) en-
coded by the TPS2 gene (Bell et al., 1992; 
De Virgilio et al., 1993b).
Tps1p and Tps2p are part of the 
trehalose-phosphatase synthase com-
plex with trehalose-6-phosphate synthase 
3 (Tps3p) and trehalose synthase long 
chain 1 (Tsl1p), two regulatory proteins 
with partially overlapping functions (Bell et 
al., 1992; De Virgilio et al., 1993b; Vuorio 
et al., 1993; Bell et al., 1998). In addition, 
some Tps1p molecules exist in the cell as 
monomers (Bell et al., 1998). The UGP1 
gene encodes the UDP-glucose pyrophos-
phorylase enzyme, which catalyzes the 
formation of UDP-glucose (Daran et al., 
1995) needed for the fi rst step of trehalose 
synthesis (Cabib et al., 1958).
Trehalose synthesizing enzymes 
(TPS1, TPS2, TPS3, TSL1) are induced 
by transcription factors Msn2/4p and re-
pressed by the Ras-cAMP pathway (Wind-
erickx et al., 1996; Boy-Marcotte et al., 
1998; Boy-Marcotte et al., 1999). Further-
more, TSL1 and UGP1 are also induced 
by transcription factor Hsf1p (Yamamoto et 
al., 2005). Interestingly, the transcriptional 
activity of Hsf1p is, at the same time, regu-
lated by the presence of trehalose (Conlin 
et al., 2007).
Trehalose is rapidly degraded (half 
life ≤13 min) when the heat stress is over 
(Hottiger et al., 1987a), which is thought to 
promote the refolding function of Hsp104 
(Singer et al., 1998a). Two trehalases, 
neutral and acid trehalase, with differ-
ent pH optima have been found in yeast 
(Londesborough et al., 1984). Cytoplasmic 
neutral trehalase (Nth1p), encoded by the 
NTH1 gene, is responsible for the deg-
radation of intracellular trehalose (Kopp 
et al., 1993). Surprisingly, the activity of 
Nth1p is induced during heat stress and 
kept at the same level during recovery, but 
the production of new trehalose molecules 
is rapidly fi nished after heat stress (Hot-
tiger et al., 1987a). NTH1 has a paralog, 
NTH2, which encodes a functional trehala-
se that is implicated in trehalose mobiliza-
tion but has much lower trehalase activity 
(Jules et al., 2008).
Trehalose is a useful energy source 
for cells. In the absence of endogenous 
trehalose (tps1 mutant), extracellular 
trehalose is degraded by acid trehalase 
(Ath1p) present in the periplasmic space 
and in the cell wall, and the resulting glu-
cose molecules are taken up by hexose 
transporters (Jules et al., 2004). Ath1p is 
encoded by the ATH1 gene (Destruelle et 
al., 1995). Occasionally, cells can trans-
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Figure 3. The biosynthesis of trehalose. 
First, glucose 6-phosphate and UDP-glu-
cose are linked by Tps1p yielding treha-
lose-6-phosphate, which is then dephos-
phorylated by Tps2p resulting in trehalose. 
Modifi ed from Elliott et al., 1996.
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port and accumulate trehalose into the cy-
toplasm from the culture medium by Agt1p 
transporter (Jules et al., 2008). In the cyto-
plasm, trehalose is hydrolyzed by neutral 
trehalase (Nth1p) (Jules et al., 2004). 
Mitochondrial chaperones1.4. 
The mitochondrial genome encodes only 
a minority of the proteins residing in the 
mitochondria, and most of the resident 
proteins therefore have to be translated in 
the cytosol and transported into the mito-
chondria. Mitochondrial Hsp70 (Ssc1p) is 
one of the proteins responsible for protein 
import, working as an ATP-dependent mo-
tor force (reviewed in Voos et al., 2002). 
Ssc1p is the major component of the mi-
tochondrial chaperone system and nec-
essary for survival and for recovery after 
heat shock (Nwaka et al., 1996). Charac-
teristic of Hsp70s, Ssc1p functions in the 
binding of unfolded peptides, preventing 
misfolding and aggregation. Ssc1p inter-
action with the chaperone activity regulat-
ing Hsp40 family co-chaperone Mdj1p and 
with the nucleotide release factor Mge1p is 
critical (Liu et al., 2001). Mdj1p is important 
for the folding of newly imported proteins 
and for the protection of proteins against 
denaturation and aggregation at elevated 
temperature (Rowley et al., 1994).
Hsp781.4.1. 
Mitochondrial Hsp78 is a member of Clp/
Hsp100 protein family and is a homolog 
of cytoplasmic Hsp104 (Leonhardt et al., 
1993). It is able to substitute for Hsp104 
when expressed in cytosol, so the mecha-
nism of their action is probably the same 
(Schmitt et al., 1996). Like Hsp104, Hsp78 
can resolubilize aggregated proteins and 
promote refolding to the native confor-
mation. Hsp78 needs cooperation with 
the Ssc1p/Mdj1p/Mge1p machinery men-
tioned above, for the efficient refolding 
of heat-denatured proteins (Krzewska et 
al., 2001). Remarkably, Hsp78 is required 
for the resolubilization of aggregated 
mitochondrial Hsp70 after heat stress, 
thus it has a special protective role (von 
Janowsky et al., 2006). Deletion of the 
HSP78 gene does not affect cell survival 
or growth during normal conditions or ther-
mal insult (Schmitt et al., 1996). However, 
the protein is involved in the maintenance 
of mitochondrial respiratory competence 
and the integrity of mitochondrial genome 
during severe thermal stress (Schmitt et 
al., 1996).
Furthermore, Hsp78 is required for 
the effi cient ATP-dependent degradation of 
substrate proteins in the mitochondrial ma-
trix, irrespective of the aggregation state of 
the substrate (Rottgers et al., 2002). Con-
trary to other mitochondrial chaperones, 
Hsp78 is classified as a promiscuous 
chaperone with 790 non-chaperone inter-
actions. It also has a considerable number 
of contacts with cytoplasmic chaperones, 
and thereby a remarkable role in commu-
nicating with the cytoplasmic chaperone 
system (Gong et al., 2009).
Hsp60 / Chaperonin1.4.2. 
Mitochondrial Hsp60 (homologous to E. 
coli GroEL chaperonin) is a double-ring 
system composed of 14 subunits, each 
with the mass of 60 kDa (Ellis,1996a). 
The folding of monomeric proteins is fa-
cilitated inside the central cavity of each 
ring in a protected folding environment. 
The cavity is closed by Hsp10 (homolo-
gous to E. coli GroES co-chaperonin), 
and a conformational change enables the 
folding-active state (reviewed in Bukau 
et al., 1998). Hsp60 recognizes general 
structural motifs of unfolded proteins and 
associates with a wide variety of proteins 
at high temperatures. It prevents aggrega-
tion and promotes the refolding of proteins 
at normal temperature after heat shock. 
Hsp60 is required for the translocation of 
proteins into the mitochondria, and it co-
operates with Hsp70 and Hsp40 for suc-
cessful protein folding (reviewed in Parsell 
et al., 1993).
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However, in a recent survey, Auesu-
karee and colleagues have reported that 
mitochondrial functions are important for 
the tolerance of yeast cells to several 
stresses, except to heat stress. Only three 
genes (MDM10, YDJ1 and YME1), asso-
ciated with mitochondrial functions, are 
required for thermotolerance (Auesukaree 
et al., 2009).
Repair in the endoplasmic 1.5. 
reticulum
Heat-denatured proteins are retained in the 
yeast ER until they are repaired to a cor-
rect and functional conformation in a step-
wise process at physiological temperature. 
The refolding and reactivation of heat-de-
natured proteins is independent of protein 
synthesis, but the process requires ATP. 
The ER-located Hsp70 homologs, BiP/
Kar2p and Lhs1p are involved in the re-
pair. BiP/Kar2p associates with the aggre-
gates of heat-denatured proteins. Lhs1p is 
required for the acquisition of thermotoler-
ance. It is necessary for the resolubiliza-
tion and reactivation of the aggregated 
reporter enzyme Hsp150--lactamase, 
which it repairs to the secretion-competent 
conformation. However, Lhs1p has no role 
in the conformational maturation of newly 
synthesized reporter enzyme molecules 
or newly synthesized yeast glycoproteins. 
Lhs1p stabilizes the heat-denatured pro-
teins and prevents degradation during re-
covery period. (Jämsä et al., 1995a; Saris 
et al., 1997; Saris et al., 1998)
BiP/Kar2p and Lhs1p are specific 
chaperones with only 72 and 80 non-
chaperone interactions, respectively. Fur-
thermore, they both interact only with two 
other chaperones: BiP/Kar2p with ER-
luminal Scj1p (Hsp40 co-chaperone) and 
cytoplasmic Ssa4p, Lhs1p with cytoplas-
mic Ssa1p and Ssb1p (Gong et al., 2009). 
BiP/Kar2p has about 65% identity with 
the Ssa subfamily of Hsp70 chaperones 
(Boorstein et al., 1994), whereas Lhs1p 
has only 24% identity with BiP/Kar2p (Bax-
ter et al., 1996). Contrary to other Hsp70 
chaperones, Lhs1p does not have any 
Hsp40 co-chaperones. There are four sol-
uble Hsp40 chaperones in the ER lumen, 
and membrane protein Sec63p, a subunit 
of the translocation channel, is also an 
Hsp40 chaperone (Gong et al., 2009).
The conformation of heat-damaged 
glycoproteins retained in the ER lumen, is 
resumed very slowly after the cells have 
returned to the physiological temperature. 
They gain secretion or transport compe-
tence with widely varying and protein-spe-
cifi c kinetics. However, membrane traffi c 
and exocytosis are restarted soon after 
the cells return to the physiological tem-
perature. Proteins, de novo synthesized 
after thermal insult, are folded normally 
and bypass their heat-affected counter-
parts. (Saris et al., 1998)
 
Quality control in the endoplasmic reticulum2. 
Precursor polypeptides of secretory or 
membrane proteins, initially translated on 
free ribosomes in the cytosol, are targeted 
to their destination by the N-terminal sig-
nal peptide (Blobel et al., 1975). The sig-
nal recognition particle (SRP) recognizes 
the emerging signal peptide (Walter et al., 
1981) and leads the polypeptide to the 
translocation channel, the so called trans-
locon, on the ER membrane (reviewed in 
Keenan et al., 2001 and Grudnik et al., 
2010). In yeast, transport into the ER lu-
men occurs mostly after translation (post-
translational translocation) and is SRP-
independent, but some proteins undergo 
co-translational translocation (Hann et al., 
1991). When a newly synthesized protein 
enters the ER lumen, it is immediately tak-
en over by an army of different chaperones 
and other folding enzymes that ensure the 
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correct folding and prevent unfavorable 
aggregation (Gething et al., 1992).
In the specialized folding environment 
of the ER lumen, proteins undergo modifi -
cations and are able to acquire the mature 
secondary and tertiary structure. Correctly 
folded proteins are transported to the Gol-
gi complex where the maturation of secre-
tory proteins is completed (Munro,1998). 
The sorting of proteins to the lysosome 
(vacuole in yeast), to the plasma mem-
brane, to the cell wall, or to the secretion 
outside the cell occurs in Golgi complex. 
Some proteins are retained in the ER or 
Golgi to perform their functions. For secre-
tory pathway, see Fig. 1.
It is fundamentally important that only 
correctly folded proteins are released 
from the ER and misfolded proteins are 
retained and selectively degraded. Pro-
tein misfolding is a signifi cant medical and 
economical issue; irreversible misfolding 
and consequent aggregation is the ori-
gin of approximately 20 human diseases 
(Sipe et al., 2000). Many diseases are re-
lated to defects in the ER quality control 
machinery.
Non-properly folded proteins are tar-
geted to the degradation or escape from 
the degradation machinery and form toxic 
aggregates infl icting diseases, e.g. cys-
tic fi brosis, antitrypsin defi ciency, and Al-
zheimer’s disease (Kuznetsov et al., 1998; 
Sipe et al., 2000). In many endogenous 
metabolic disorders, genetic mutations re-
sult in the synthesis of proteins that cannot 
fold properly and are therefore not trans-
ported into or out of cellular organelles. An 
example of such disease is Familial hyper-
cholesterolemia type II, in which a mutat-
ed and misfolded membrane protein, low-
density lipoprotein receptor, is arrested in 
the ER (Kuznetsov et al., 1998). 
Role of BiP/Kar2p and Lhs1p2.1. 
Kar2p is an essential ER-luminal 70 kDa 
heat shock protein (Normington et al., 
1989) with multiple functions. In yeast, it 
was originally found as a karyogamy fac-
tor required for the nuclear membrane fu-
sion after the conjugation of two haploid 
cells (Rose et al., 1989). It is a homolog of 
bacterial DnaK (Scidmore et al., 1993) and 
mammalian BiP protein (Normington et al., 
1989), and here referred to as BiP/Kar2p. 
It is composed of N-terminal ATPase do-
main and C-terminal conserved peptide 
binding domain (Bukau et al., 1998).
The promoter region of the KAR2 
gene contains an unfolded protein re-
sponse element (UPRE) and a functional 
HSE (Kohno et al., 1993; UPR- and HS-
elements are explained later in the Review 
of the literature, 3. Transcriptional regula-
tion during and after heat stress). The bas-
al expression of the KAR2 gene is quite 
high and it is further induced in response 
to the accumulation of unfolded proteins 
in the ER via UPRE (Rose et al., 1989). 
When cells are exposed to heat shock 
temperature, HSE is responsible for the 
induction of KAR2 expression (Kohno et 
al., 1993).
In yeast, transmembrane kinase 
Ire1p is the sensor of unfolded proteins 
in the ER lumen (Chapman et al., 1998). 
In non-stressed cells, BiP/Kar2p partici-
pates in the regulation of unfolded protein 
response (UPR) by binding to the luminal 
domain of Ire1p and maintaining it in an 
inactivation state (Bertolotti et al., 2000). 
In response to stress, unfolded proteins 
accumulate and bind BiP/Kar2p, and sep-
arate BiP/Kar2p from the Ire1p (Bertolotti 
et al., 2000). Credle and colleagues have 
shown that the conserved core region of 
the ER-luminal domain of Ire1p can di-
rectly recognize unfolded proteins provid-
ing the primary signal for activation. They 
hypothesize that BiP/Kar2p binding and 
release provides a regulatory effect when 
the pool of free BiP/Kar2p is extremely low 
(Credle et al., 2005).
BiP/Kar2p is required for the post-
translational translocation of newly syn-
thesized polypeptides into the ER lu-
men (Corsi et al., 1997; McClellan et al., 
Review of the literature
13
Review of the literature
1998). It interacts with the J domain of the 
co-chaperone Sec63p (Scidmore et al., 
1993). The backsliding of a protein in the 
translocon is prevented by trapping with 
BiP/Kar2p (Matlack et al., 1999). Multiple 
BiP/Kar2p molecules bind to the nascent 
protein chain, even pulling the chain into 
the ER lumen like a ratchet. A functional 
ATPase cycle is essential for this ratch-
eting function (Matlack et al., 1999). BiP/
Kar2p also seals the luminal side of the 
translocon, when it is unoccupied (Ham-
man et al., 1998). BiP/Kar2p and protein 
disulfi de isomerase 1 (Pdi1p) are bound to 
each other in the ER lumen and dissociate 
in the presence of newly translocated fold-
ing substrates (Gillece et al., 1999).
BiP/Kar2p assists the folding of new 
polypeptides by preventing misfolding (Si-
mons et al., 1995). It covers the hydropho-
bic amino acid side chains from the aque-
ous environment of the ER lumen (Flynn 
et al., 1991; Blond-Elguindi et al., 1993), 
maintaining the polypeptide in a state 
competent for folding and oligomerisation. 
The substrate specifi city of BiP/Kar2p is 
very wide: it can bind a typical heptam-
eric sequence with alternate hydrophobic 
residues, which are normally buried in-
side the fully-folded protein (reviewed in 
Gething,1999).
The chaperoning function is distinct 
from the requirements for BiP/Kar2p in 
translocation process, and the demand for 
BiP/Kar2p depends on the folding poly-
peptide (Holkeri et al., 1998). For exam-
ple, BiP/Kar2p is known to play a critical 
role in the folding of vacuolar protease car-
boxypeptidase Y (CPY) to a conformation 
capable of exiting the ER under normal 
conditions (Simons et al., 1995), but fusion 
protein Hsp150--NGFRe does not need 
BiP/Kar2p for conformational maturation 
(Holkeri et al., 1998). BiP is also chaper-
oning the folding of prion protein (PrP) and 
prevents the formation of prion aggregates 
(Jin et al., 2000).
Both mammalian BiP and yeast BiP/
Kar2p function in quality control by bind-
ing to misfolded or reduced proteins and 
preventing their exit from the ER (Gething 
et al., 1986; Hurtley et al., 1989; Jämsä et 
al., 1994). BiP/Kar2p itself is retained in 
the ER by interaction with other ER pro-
teins. However, it may escape from the 
ER when it is in association with a mis-
folded protein. In that case, BiP/Kar2p is 
retrieved from the post-ER compartments 
by the HDEL receptor Erd2p, which rec-
ognizes the HDEL sequence in the C-ter-
minus of the protein (Pelham et al., 1988; 
Pelham,1988). This His-Asp-Glu-Leu sig-
nal (Lys-Asp-Glu-Leu in mammalian pro-
teins) is a typical retrieval signal for soluble 
ER-resident proteins (Munro et al., 1987; 
Pelham,1988). BiP/Kar2p also participates 
in the recognition and targeting of irrevers-
ibly misfolded proteins to the ER-associat-
ed protein degradation (ERAD; see below 
2.4. ER-associated protein degradation) 
(Plemper et al., 1997).
In addition to BiP/Kar2p, yeast has 
another ER-luminal Hsp70 chaperone, 
Lhs1p. It is a non-essential protein, but 
deletion of the LHS1 gene leads to the 
partial blockage of translocation (Baxter et 
al., 1996). The expression of Lhs1p is up-
regulated by the accumulation of unfolded 
proteins in the ER lumen, and there is an 
UPRE in the promoter region of the LHS1 
gene. Lhs1p is thus a subject of UPR 
(Baxter et al., 1996). On the other hand, 
LHS1 null mutant exhibits the constitutive 
activation of UPR (Craven et al., 1996).
Lhs1p has a specifi c interaction with 
BiP/Kar2p. The ATPase activities of those 
two chaperones are coupled and coordi-
nated; Lhs1p stimulates the nucleotide ex-
change in BiP/Kar2p, whereas BiP/Kar2p 
activates Lhs1p ATPase. This coordination 
of binding and release is essential for nor-
mal chaperone function, and it promotes 
the folding of the released region, pre-
venting aggregation with other immature 
regions nearby (Steel et al., 2004). Con-
comitantly in mammalian ER, BiP forms 
multimeric complexes with other chaper-
ones, e.g. Grp170, calnexin, calreticulin 
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and protein disulfi de isomerase (PDI) (re-
viewed in Kleizen et al., 2004). Grp170, 
the mammalian ortholog of Lhs1p, oper-
ates as a nucleotide exchange factor for 
BiP (Weitzmann et al., 2006).
Calnexin / calreticulin cycle2.2. 
In mammalian cells, ER includes an in-
tensively studied lectin-binding chaperone 
system, which participates specifi cally in 
the folding of secretory and membrane 
glycoproteins (reviewed in Ellgaard et al., 
2003, Helenius et al., 2004 and Kleizen et 
al., 2004). The system consists of ER-res-
ident lectin chaperones calnexin and cal-
reticulin, and accessory proteins -gluco-
sidases I and II, UDP-glucose:glycoprotein 
glycosyltransferase (UGGT), ERp57 and 
ER-degradation-enhancing -mannosi-
dase-like protein (EDEM). Calnexin is a 
type I transmembrane protein and calreti-
culin is a soluble luminal protein. When a 
nascent protein enters the ER lumen, sug-
ars are added as an N-linked core oligo-
saccharide unit (Glc3Man9GlcNAc2; where 
Glc is glucose, Man is mannose and 
GlcNAc is N-acetylglucosamine), which is 
then modifi ed by the removal of two glu-
cose residues by glucosidase I and II.
Calnexin and calreticulin interact with 
the monoglucosylated intermediates of the 
N-linked core glycans on a newly synthe-
sized glycoprotein (Hammond et al., 1994). 
Calnexin and calreticulin form a complex 
with the PDI-like redox protein ERp57, 
which enhances the formation of disulfi de 
bonds (S-S). Glucosidase II hydrolyzes 
the glucose from the monoglucosylated 
core glycan, resulting in the dissociation of 
the substrate glycoprotein from calnexin 
and calreticulin. UGGT adds glucose back 
to the oligosaccharide, thereby triggering 
the rebinding to calnexin and calreticulin. 
Re-glucosylation by UGGT happens only 
if the glycoprotein is incompletely folded, 
thus UGGT operates as a folding sen-
sor. The protein is able to exit the cycle if 
UGGT fails to re-glucosylate it. Glucose is 
a selective marker of incompletely folded 
proteins. The cycling between glucosyla-
tion and de-glucosylation continues until 
the glycoprotein either has reached the 
properly folded structure, or is doomed to 
degradation.
UGGT recognizes partially folded 
molten globule-like conformations, espe-
cially hydrophobic amino acid clusters. It is 
also able to identify highly localized folding 
defects and re-glucosylate only the glycan 
chains that are present in the misfolded 
region (Ellgaard et al., 2003). If a protein 
is permanently misfolded, the mannose 
residue in the middle branch of the core 
glycan is removed by ER mannosidase 
I. A protein containing a shortened man-
nose branch is poorly identifi ed by both 
glucosidase II and UGGT. Mannose trim-
ming leads to recognition by EDEM, which 
targets proteins to ERAD (reviewed in Ell-
gaard et al., 2003, McCracken et al., 2003 
and Helenius et al., 2004).
Calnexin and calreticulin are homolo-
gous proteins that can partially substitute 
each other, although they have their own 
specific substrates, too. Each can bind 
both membrane-bound and soluble glyco-
proteins, but calreticulin binds to soluble 
proteins more frequently (Ellgaard et al., 
2003; McCracken et al., 2003; Helenius 
et al., 2004). Calnexin is more important 
as a folding assistant, and loss of it leads 
to the dramatic impairment of substrate 
protein folding and remarkable ER-stress. 
The deletion of calreticulin does not com-
promise the function of calnexin (Molinari 
et al., 2004).
Yeast has only one identifi ed homolog 
of mammalian calnexin and calreticulin, 
Cne1p (De Virgilio et al., 1993a). Cne1p 
is an ER-resident integral membrane pro-
tein, having 31% similarity with mamma-
lian calnexin at amino acid level (Parlati et 
al., 1995). In addition to its role as a lec-
tin, mammalian calnexin has been found 
to perform glycan independent chaperone 
functions (Helenius et al., 2004). Similarly, 
Cne1p has chaperone-like functions of 
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suppressing thermal aggregation and re-
folding unfolded proteins, and lectin-like 
functions of binding monoglucosylated oli-
gosaccharides (Xu et al., 2004).
In a cne1 mutant, the expression of 
BiP/Kar2p is signifi cantly increased under 
heat stress conditions, probably to com-
pensate the shortage in protein folding 
(Zhang et al., 2008). Interestingly, no re-
glucosylation activity, i.e. UGGT enzyme, 
has been found in S. cerevisiae, although 
at least yeast Schizosachharomyces 
pombe possesses the enzyme (Fernan-
dez et al., 1994). Thus, the deglucosyla-
tion/reglucosylation-cycle, comparable to 
mammalian calnexin/calreticulin cycle, is 
absent from S. cerevisiae.
Yeast 1,2-exomannosidase Htm1p 
acts on N-glycans after ER mannosidase 
I, leading to the Man7GlcNAc2-structure, 
which is a potential glycoprotein degra-
dation signal and probably recognized by 
the ER lectin Yos9p (Clerc et al., 2009). 
Mannose trimming acts as a timer for seg-
regation between new peptides that still 
need time for folding, and older ones that 
have to be secreted or degraded. Cne1p 
and Htm1p play opposite roles in targeting 
the substrate for degradation: degradation 
is accelerated in the absence of Cne1p, 
whereas the lack of Htm1p stabilizes the 
substrate (Jakob et al., 2001; Kostova et 
al., 2005).
Folding enzymes2.3. 
Peptidyl prolyl cis-trans 2.3.1. 
isomerases
In properly folded proteins, most pep-
tide bonds are in the trans confi guration. 
However, proline residues often exist in 
cis bond conformations with other amino 
acids. Proline at cis confi guration is a rate 
limiting step during protein folding and 
thereby needs a backbone switch. Pepti-
dyl prolyl cis-trans isomerases (PPIases) 
catalyze the conversion of proline from 
cis to trans confi guration (Parsell et al., 
1993).
PPIases exist in several structur-
ally unrelated families, such as cyclophi-
lins (Cyps) and FK506-binding proteins 
(FKBPs). In yeast, there are eight Cyps 
and four FKBPs that are all non-essential 
both individually and collectively (Dolin-
ski et al., 1997). However, contrary to 
other PPIases, Pin1p is specialized in the 
isomerization of phosphorylated Ser/Thr-
Pro motifs in certain proteins. PIN1 is an 
essential gene. The substrates of Pin1p 
affect various mitotic events, and the de-
pletion of Pin1p leads to severe problems 
in mitosis (Lu et al., 1996).
Both phosphorylation-independent 
(Cyps and FKBPs), and phosphorylation-
dependent (Pin1p) prolyl cis-trans isomer-
ization may act as a molecular timer that 
controls the amplitude and time frame of 
biological processes. Phosphorylation-in-
dependent isomerization is able to regulate 
the opening and closing of an ion channel 
by proline-based conformational change. 
Phosphorylation-dependent isomerization 
may be neuroprotective against age-de-
pendent neurodegeneration in Alzheimer’s 
disease (reviewed in Lu et al., 2007).
Protein disulfi de isomerases2.3.2. 
Protein disulfi de isomerase is part of the 
quality control machinery and interacts 
with secretory proteins late during trans-
location into the ER (reviewed in Sevier 
et al., 2002). PDI catalyzes disulfi de bond 
formation and reduces non-native disulfi de 
bonds. The correct formation of disulfi de 
bonds is a prerequisite for a secretion-
competent conformation: in the absence of 
PDI-enzymes or under a reducing agent, 
secretory proteins are unable to acquire 
secretion competence (Tachibana et al., 
1992; Jämsä et al., 1994).
ER-luminal PDIs are soluble proteins 
with the HDEL retention signal in the C-
terminus (reviewed in Noiva et al., 1992). 
Yeast PDI family consists of fi ve members: 
Pdi1p, Eps1p, Eug1p, Mpd1p and Mpd2p. 
Pdi1p does not interact with the misfolded 
secretory proteins that are part of large 
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aggregates (Gillece et al., 1999). Pdi1p 
is a chaperone that can distinguish be-
tween wild-type and misfolded secretory 
proteins irrespective of their thiol-content, 
and target the misfolded proteins to the 
retrotranslocation (Gillece et al., 1999). 
Pdi1p, Mpd1p, Mpd2p and Eug1p have 
oxidative refolding activity, which is impor-
tant for cell viability (Kimura et al., 2005). 
Mpd1p specifi cally interacts with Cne1p 
(see above 2.2. Calnexin / calreticulin cy-
cle), and Pdi1p and Eps1p exhibit interac-
tion with BiP/Kar2p (Kimura et al., 2005).
ER oxidoreductin (Ero1p) is an ER-
luminal but tightly membrane-associated 
glycoprotein. Ero1p provides oxidizing 
equivalents directly to the PDI, which then 
oxidizes the substrate protein. Cellular 
levels of active Ero1p have a direct effect 
on the oxidizing capacity of the ER. Erv2p 
is another ER oxidase that transfers 
oxidative equivalents directly from 
molecular oxygen to PDI. Pdi1p, Mpd2p 
and possibly Mpd1p interact with Ero1p, 
whereas only Pdi1p has been shown to 
interact with Erv2p (Sevier et al., 2002).
ER-associated protein degradation2.4. 
Sometimes misfolded proteins are dam-
aged so badly that the repair and refold-
ing to correct conformation are impos-
sible. Polypeptides that cannot acquire 
their native transport-competent structure 
are fi nally removed by a process called 
ER-associated protein degradation. Dur-
ing ERAD, irreversibly misfolded proteins 
are retrotranslocated back into the cytosol, 
ubiquitinated, and degraded by the 26S 
proteasome (Hiller et al., 1996). The fi rst 
step of ERAD is the recognition of irre-
versibly misfolded proteins. N-glycosylat-
ed proteins are recognized on the basis of 
mannose trimming by ER mannosidase I 
and Htm1p (McCracken et al., 2003; Clerc 
et al., 2009) (see above 2.2. Calnexin / 
calreticulin cycle).
Less is known of the recognition of ab-
errant proteins that lack N-glycans (Anelli 
et al., 2008). Recently, O-mannosylation 
has been speculated to be a key step in 
the targeting of some misfolded proteins 
for the ERAD pathway (Hirayama et al., 
2008). Many chaperones have a role both 
in assisting the folding process and in 
committing the improperly folded proteins 
to destruction. BiP/Kar2p is remarkable in 
recognizing soluble proteins and targeting 
them for ERAD (Brodsky et al., 1999), and 
the same has been reported of PDI (Gil-
lece et al., 1999).
After recognition, a protein targeted to 
ERAD needs to be unfolded. The unfolding 
process has been investigated with a mu-
tated model of CPY and pro-alpha-factor. 
With the assistance of chaperones Jem1p 
and Scj1p, BiP/Kar2p forms relatively sta-
ble complex with misfolded proteins and 
retains them in unfolded conformations 
suitable for retrotranslocation (Plemper et 
al., 1997; Nishikawa et al., 2001). Howev-
er, BiP/Kar2p has no effect on the degra-
dation of several multispanning membrane 
proteins (Brodsky et al., 1999; Huyer et al., 
2004). PDI is implicated in the unfolding 
and reduction of aberrant proteins (Anelli 
et al., 2008). BiP/Kar2p and PDI are re-
quired for the retrotranslocation of unfold-
ed luminal proteins and some membrane 
proteins via Sec61p channel to cytosol 
(Plemper et al., 1997; Gillece et al., 1999) 
with the assistance of some lipid-based 
mechanisms (Anelli et al., 2008). The ret-
rotranslocation of membrane proteins with 
a misfolded cytoplasmic domain does not 
require Sec61p, but cytosolic chaperones 
Ssa1p, Ydj1p and Hlj1p are vital for their 
ERAD (Huyer et al., 2004; Vembar et al., 
2008).
Ubiquitin is a 76 amino acid peptide 
that guides the target proteins to the pro-
teasome (Ozkaynak et al., 1984). On the 
cytoplasmic face of the ER membrane, the 
ERAD substrates are covalently bound to 
the poly-ubiquitin (Hiller et al., 1996), i.e. 
they are ubiquitinated by the appropriate 
ubiquitin conjugating enzyme and ubiq-
uitin ligase (Anelli et al., 2008). In yeast, 
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dozens of ubiquitin conjugating enzymes 
and ubiquitin ligases have been found. 
Misfolded luminal proteins and different 
multispanning membrane proteins have 
distinct but overlapping ERAD pathways 
(Huyer et al., 2004). The ubiquitination of 
the membrane proteins with a misfolded 
cytoplasmic domain requires ubiquitin li-
gase Doa10p and ubiquitin conjugating en-
zymes Ubc7p-Cue1p and Ubc6p, whereas 
misfolded luminal proteins and membrane 
proteins with a misfolded luminal domain 
need ubiquitin ligase Hrd1p and ubiquitin 
conjugating enzyme Ubc7p-Cue1p (Huyer 
et al., 2004; Vembar et al., 2008).
Ubiquitinated proteins are degraded 
by the 26S proteasome, a large multicata-
lytic protease that resides in the cytoplasm 
and nucleus. The substrate is fi rst recog-
nized by receptors in the 19S cap of 26S 
proteasome. Degradation occurs inside 
the 20S catalytic core, where the protein 
is broken down into peptide fragments. A 
large fraction of the 26S proteasomes re-
sides on the surface of the ER membrane, 
ready to receive and degrade ER sub-
strates (reviewed in Vembar et al., 2008). 
ERAD and UPR (see below 3.3. Un-
folded protein response) have a tight as-
sociation; effi cient ERAD requires an in-
tact UPR, and UPR induction increases 
ERAD capacity (Ng et al., 2000; Travers 
et al., 2000). ERAD pathway has a criti-
cal role under acute stress conditions and 
in the removal of misfolded proteins under 
normal growth conditions (Travers et al., 
2000). A strictly balanced variation of UPR 
target genes is necessary for an optimal 
ERAD activity (Ng et al., 2000). Yeast is 
able to tolerate the absence of ERAD or 
UPR, but the lack of both systems results 
in synthetic growth defects (McCracken 
et al., 2003). The ERAD pathway is con-
served from yeast to humans, and it has 
been linked to several human diseases 
such as cystic fibrosis, antirypsin defi-
ciency and Parkinson’s disease (Vembar 
et al., 2008).
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Transcriptional regulation during and after heat stress3. 
Cells have developed diverse and inde-
pendent mechanisms to regulate tran-
scription during and after heat stress. All 
of these - heat shock response (HSR), 
general stress response and unfolded 
protein response (UPR) - have their own 
transcription factors and transcriptional 
promoter elements, whereas delayed up-
regulation (DUR) utilizes a combination of 
other systems (summarized in Table 2). 
HSR and the particular heat shock tran-
scription factor are very specific for the 
induction of chaperones and chaperone-
associated heat shock proteins, whereas 
general stress response and its specifi c 
transcription factors (Msn2p and Msn4p) 
control the expression of most of the car-
bon metabolic enzymes and antioxidant 
defense proteins (Boy-Marcotte et al., 
1999). Unfolded protein response is spe-
cifi c for sensing events inside the ER lu-
men, and it is regulated by the unique 
splicing mechanism of the mRNA of the 
transcription factor Hac1p. Most genes are 
regulated by only one system, but some 
genes are regulated by cooperation be-
tween HSR and general stress response 
(e.g. HSP104 and HSP26) (Amoros et 
al., 2001), or cooperation between HSR 
and unfolded protein response (e.g. BiP/
Kar2p) (Kohno et al., 1993).
The regulation of stress responses 
occurs via complex and partly unknown 
cascades. cAMP-PKA signaling pathway 
is, at least partly, involved in the regulation 
of both HSR and general stress response. 
cAMP produced by adenylate cyclase 
binds to PKA, a glucose-sensing kinase, 
and activates it (reviewed in Estruch,2000). 
Active PKA probably phosphorylates the 
serine-threonine protein kinase Yak1p, 
which is then kept in the cytoplasm. Some 
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Table 2. Summary of different stress responses in yeast: Heat shock response, 
General stress response, Unfolded protein response and Delayed up-regulation.
Stress 
response
Promoter element Transcription 
factors
General features
Heat shock 
response – 
HSR
consensus, gap type and 
step type HSEs
- nGAAn (or its opposite 
nTTCn) repeated 3 or 
more times with varying 
number of spacer 
nucleotides between 
them
Hsf1p - response to many kind 
of stresses in cytosol
- triggered by misfolded 
proteins
- up-regulation of 
molecular chaperones
General 
stress 
response
STRE
- CCCCT (or its opposite 
AGGGG) repeated 1 to 
7 times
Msn2p/Msn4p - response to many 
kind of environmental 
stresses
- abolished at 
temperature above 
40ºC
- Hog1p MAPK pathway 
positively regulates 
the STRE-mediated 
transcription
Unfolded 
protein 
response – 
UPR
UPRE-1, -2 and -3
UPRE-1: CAGnGTG
Hac1p, Gcn4p - response to unfolded 
or misfolded proteins in 
the ER lumen
- regulated by 
unconventional splicing 
of HAC1 mRNA
- almost 400 target 
genes from different 
compartments of the 
secretory pathway
Delayed up-
regulation – 
DUR
HSE and UPRE Hsf1p, Hac1p, 
Hog1p?
- second induction 
after thermal insult 
during recovery 
at physiological 
temperature
- occurs in different 
cellular compartments
n = any nucleotide
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environmental conditions (e.g. low glucose 
concentration) lead to the inhibition of PKA 
activity, allowing translocation of Yak1p 
to the nucleus, where it activates Msn2p 
and Hsf1p by phosphorylation (Lee et al., 
2008).
Heat-shock response3.1. 
Heat shock response is primarily a re-
sponse mechanism to stress conditions in 
the cytosol (Mager et al., 1993). Even a 
small amount of misfolded proteins causes 
the specific transcriptional activation of 
molecular chaperones and the subunits 
of the ubiquitin-proteasome degradation 
machinery (Ozkaynak et al., 1987), re-
pression of ribosomal protein genes (Lo-
pez et al., 1999), and transient cell cycle 
arrest (Trotter et al., 2001). Generally, the 
proteins that are most highly induced at 
high temperature are regulated by HSR 
(Boy-Marcotte et al., 1999). Despite its 
name, HSR is triggered by many kinds of 
stresses that cause folding problems and 
lead to the accumulation of misfolded pro-
teins and protein aggregation (Mager et 
al., 1995).
Heat shock elements3.1.1. 
Heat shock causes repression of general 
transcription, but transcription of particu-
lar HSP genes is increased substantially. 
Heat shock element is a DNA sequence 
responsible for the transcriptional acti-
vation of heat shock genes (reviewed in 
Mager et al., 1993). It lies in the promoter 
area of the target gene, usually in between 
0 to 500 bp upstream of the open read-
ing frame (ORF) (Eastmond et al., 2006). 
Consensus HSE is a pentameric nGAAn 
(where n is any nucleotide) sequence re-
peated for a varying number of times, usu-
ally three or more (Amin et al., 1988; Xiao 
et al., 1988). Furthermore, novel types of 
HSE have been found in yeast: “gap type” 
HSE consists of three nGAAn units con-
taining a gap between pentamers 2 and 
3 (Santoro et al., 1998), and “step type” 
HSE consists of three nTTCn repeats sep-
arated with 5-bp spacers or more (Tachi-
bana et al., 2002; Harbison et al., 2004; 
Yamamoto et al., 2005).
Heat shock transcription factors3.1.2. 
In yeast, HSR is mediated by an essential 
heat shock transcription factor 1 (Hsf1p), 
which binds to the HSE in the promoter 
area of the target gene (Sorger et al., 
1987). Nearly 3% of yeast genome (app. 
165 genes) is directly bound by Hsf1p, 
and those genes are known to function in 
a broad range of cellular processes (Hahn 
et al., 2004). Another survey revealed as 
many as 442 up-regulated genes, how-
ever the method did not defi ne binding but 
only induction by Hsf1p (Eastmond et al., 
2006). Hsf1p is a sensitive sensor of mis-
folded proteins (Trotter et al., 2001). It is 
always in the nucleus, binds constitutively 
to HSE (Jakobsen et al., 1988), and needs 
trimerization and phosphorylation for acti-
vation (reviewed in Morimoto,1998). PKA 
negatively regulates the Hsf1p-dependent 
expression of a subset of HSE containing 
genes (Ferguson et al., 2005). The inhibi-
tion of PKA activity allows the translocation 
of Yak1p to the nucleus, where it phospho-
rylates Hsf1p leading to increased DNA 
binding activity (Lee et al., 2008).
Yeast Hsf1p consists of an N-terminal 
activation domain (NAD), followed by a 
winged helix-turn-helix DNA binding do-
main (DBD), a coiled-coil trimerization 
domain, a regulatory element, and a C-
terminal activation domain (CAD) (Nieto-
Sotelo et al., 1990; Sorger,1990; Harri-
son et al., 1994). Both N- and C-terminal 
activation domains play important roles 
during the transient HSR (Eastmond et 
al., 2006). The activation of some target 
genes is specifi cally dependent on NAD, 
some genes are dependent on CAD, and 
some genes need both activation domains 
(Eastmond et al., 2006). CAD is neces-
sary for normal transcription activity and 
growth during continuous stress (Chen et 
al., 1993).
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Changes in the transcriptional activ-
ity correlate with the changes in the Hsf1p 
conformation (Lee et al., 2000a). Nelson 
and colleagues have shown that the struc-
ture of CAD does not depend on trimeriza-
tion, but the presence of trehalose facili-
tates a more compact tertiary structure of 
CAD, and the effect is further enhanced 
by elevated temperature (Bulman et al., 
2005). The transcriptional activity of Hsf1p 
during HSR depends on trehalose, and 
the trehalose level and the phosphoryla-
tion state of Hsf1p also correlate during 
heat shock (Conlin et al., 2007). Hyper-
phosphorylated Hsf1p is capable of HSE 
binding even during thermal insult (Yama-
moto et al., 2008).
The function of heat shock transcrip-
tion factors (HSFs) is conserved among 
eukaryotes, and their structures have com-
mon general features, such as DNA-bind-
ing domain and trimerization domain. In-
terestingly, yeast has only one HSF gene, 
while birds have even four (HSF1-4). It has 
been thought that mammals have three 
HFS genes (HSF1, HSF2 and HFS4), but 
during this year it has been shown that at 
least mouse has also HSF3 (Fujimoto et 
al., 2010). Alternative splicing increases 
the diversity of mammalian HSF proteins 
as well. Mammalian HSFs are differenti-
ated, e.g. HSF4 has capacity to activate 
and repress transcription in the lens, thus 
regulating eye development, whereas 
HSF2 has a role in brain development and 
gametogenesis. HSF1 is the structural 
and functional ortholog of yeast Hsf1p, but 
it also has a role in female fertility and the 
spermatogenesis of males. HSF3 is the 
main regulator of heat responsive genes 
in birds. Mammalian and avian HSFs 
are reviewed in Pirkkala et al., 2001 and 
Hietakangas et al., 2006.
General stress response3.2. 
The general stress response system is 
an important part of the strategy of how 
yeast responds to environmental chang-
es. It enables survival in a variety of se-
vere stress conditions after pre-exposure 
to a mild stress. General stress response 
regulates the response to many kind of 
stresses; heat shock, changes in osmolar-
ity, oxidative stress, DNA damage, low pH, 
nutrient starvation, and high ethanol con-
centration (Gasch et al., 2000; Causton et 
al., 2001). Misfolded proteins alone do not 
induce general stress response (Trotter et 
al., 2001; Yamamoto et al., 2008). General 
stress response is abolished at tempera-
tures above 40ºC, while induction is still 
observed for heat shock element regu-
lated genes (Parrou et al., 1997). Genes 
regulated by this system occur in several 
functional categories: ‘protein destination’, 
‘metabolism’, ‘signal transduction’, ‘cel-
lular organization and biogenesis’, ‘tran-
scription’ and ‘cell rescue’ (Moskvina et 
al., 1998). 
Stress response elements3.2.1. 
Stress response element is a DNA se-
quence identifi ed in the promoter area of 
at least 186 stress-induced genes (Mager 
et al., 1995; Treger et al., 1998). STRE 
has a core consensus sequence CCCCT, 
and it is also functional in the opposite ori-
entation AGGGG (Mager et al., 1995; Har-
bison et al., 2004). STREs between 51 to 
300 bp upstream from the start codon are 
most effective in up-regulating the expres-
sion of the gene (Yoshikawa et al., 2008). 
Increasing number of STREs in the pro-
moter region of a particular gene enhanc-
es up-regulation during stress response 
(Yoshikawa et al., 2008).
Stress response transcription 3.2.2. 
factors
General stress response is mediated 
by the homologous transcription factors 
Msn2p and Msn4p, which can specifi cally 
bind to the STRE sequences (Estruch et 
al., 1993; Martinez-Pastor et al., 1996). 
Genome-wide expression profiles have 
revealed about 200 genes regulated by 
Msn2 or Msn4p (Gasch et al., 2000; Caus-
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ton et al., 2001). The expression of the 
MSN4 gene is itself stress-induced and 
Msn2/4p-regulated, whereas the MSN2 
gene is expressed constitutively (Gasch 
et al., 2000). These zinc-fi nger proteins 
are functionally redundant (reviewed 
in Estruch,2000) and often denoted as 
Msn2/4p. MSN2 and MSN4 are nones-
sential genes, but msn2msn4 double 
mutant is more sensitive to heat and other 
stresses (Martinez-Pastor et al., 1996). 
Nevertheless, Msn2/4p is not required for 
acquired thermotolerance (Boy-Marcotte 
et al., 1999).
The N-terminal part of Msn2p and 
Msn4p contains a transcriptional activation 
region (TAR) (Boy-Marcotte et al., 2006). 
Nuclear localization signals (NLSs) and 
nuclear export determinants have been 
reported to be present in the N-terminal 
half, as well as in the middle region of the 
Msn2p (Gorner et al., 1998; Boy-Marcotte 
et al., 2006). The zinc-fi nger DNA-bind-
ing domain is located in the C-terminus 
(Estruch et al., 1993). Msn2/4p is negative-
ly regulated by the cAMP-PKA signaling 
pathway or by the TOR (target of rapamy-
cin) pathway (both reviewed in Dechant et 
al., 2008). PKA senses glucose, whereas 
TOR is mainly activated by nitrogen. They 
both control eukaryotic cell growth and 
division. Msn2/4p have an NLS, whose 
function is inhibited by PKA phosphoryla-
tion (Gorner et al., 1998). Msn2/4p shuttle 
between the cytoplasm and the nucleus; 
under non-stress conditions they are locat-
ed in the cytoplasm (Gorner et al., 1998). 
Under stress, Msn2/4p are hyperphospho-
rylated and transported into the nucleus. 
The hyperphosphorylation is inhibited by 
cAMP (Garreau et al., 2000).
Besides nuclear localization, the 
Msn2p is regulated at the level of DNA-
binding activity. The transcriptional activity 
mediated by Msn2p TAR is stress-induced 
and independent of cAMP (Boy-Marcotte 
et al., 2006). Yak1p kinase phosphorylates 
the C-terminal domain of Msn2p in vitro, 
but this phosphorylation does not affect 
the DNA binding activity or nuclear local-
ization of Msn2p upon glucose depletion 
(Lee et al., 2008). In addition to negative 
regulation, the STRE-mediated transcrip-
tional activation is positively regulated by 
the high osmolarity glycerol (HOG) path-
way (Rep et al., 2000). HOG pathway is 
one of the six MAPK (mitogen-activated 
protein kinase) pathways in yeast (re-
viewed in Schwartz et al., 2004) and it is 
activated upon osmotic stress, as well as 
by heat stress (Winkler et al., 2002). Ac-
tivation leads to the nuclear translocation 
of Hog1p MAPK, which recruits transcrip-
tion factors Msn2/4p, Sko1p and Hot1p 
on their target promoters (Capaldi et al., 
2008).
Unfolded protein response3.3. 
UPR is a consequence of the accumu-
lation of unfolded or misfolded proteins 
in the ER lumen during special circum-
stances, such as heat stress, drug treat-
ments, mutations in secretory proteins, or 
the overexpression of wild type secretory 
proteins. Nearly four hundred genes are 
up-regulated directly or indirectly by UPR, 
affecting almost every stage of the secre-
tory pathway. There is an intimate coordi-
nation between UPR and ERAD (Travers 
et al., 2000). UPR is conserved in all eu-
karyotes, but the apparatus is much more 
complex in a mammalian system than in 
yeast (Ma et al., 2001). Here I focus on 
the UPR in yeast.
The accumulation of misfolded pro-
teins induces the dimerization and auto-
phosphorylation of Ire1p, a serine / threo-
nine kinase located in the ER membrane 
(Sidrauski et al., 1997). The conserved 
core region of the luminal domain of Ire1p 
is able to directly sense the amount of un-
folded proteins in the ER lumen (Credle et 
al., 2005). The binding of BiP/Kar2p in the 
luminal domain of Ire1p possibly buffers 
the sensor against normal variations of 
unfolded proteins in the ER (Credle et al., 
2005). The activated Ire1p performs the 
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splicing of HAC1 mRNA (Sidrauski et al., 
1997), and Rlg1p (tRNA ligase) completes 
the ligation of two exons (Sidrauski et al., 
1996).
The spliced HAC1i (induced) mRNA 
is translated effi ciently to active Hac1p. 
Hac1p is a basic leucine zipper transcrip-
tion factor (bZIP) that directly binds to a 
DNA sequence called the unfolded protein 
response element (Kohno et al., 1993) and 
activates the transcription of UPR target 
genes (reviewed in Patil et al., 2001). Cur-
rently, three different UPR elements are 
characterized; UPRE-1, -2 and -3. UPRE-1 
contains a partial palindrome with a spacer 
nucleotide CAGNGTG (Mori et al., 1996), 
which is the classical UPRE found in the 
promoter area of many ER chaperones 
and redox proteins, e.g. KAR2, SCJ1, 
LHS1, JEM1 and PDI1, EUG1, ERO1, re-
spectively (Patil et al., 2004).
Unfolded protein response 3.3.1. 
transcription factors
The amount of Hac1p in cells is controlled 
through the regulated splicing of HAC1 
mRNA (Cox et al., 1996). The HAC1u (un-
induced) mRNA is constitutively produced 
under normal conditions (Cox et al., 1996), 
but only 1-3% of that mRNA is spliced in 
unstressed, vegetatively growing yeast 
cells (Schröder et al., 2000). The unspliced 
mRNA is not fully translated (Chapman et 
al., 1997; Kawahara et al., 1997), since 
the intron itself is inhibiting the transla-
tion elongation (Chapman et al., 1997) 
by forming a loop structure with HAC1 5’ 
untranslated region (Rüegsegger et al., 
2001). HAC1 mRNA is the only known 
mRNA processed by this unconventional 
splicing mechanism in yeast (Niwa et al., 
2005). This unique RNA splicing event is 
reviewed in Shamu,1998.
The transcription factor Gcn4p and 
its upstream activator Gcn2p are required 
for the activity of all known UPREs. Hac1p 
and Gcn4p have a direct physical associa-
tion together and with the sequence mo-
tifs of UPRE-1 and UPRE-2. It is probable 
that Hac1p and Gcn4p form a heterodi-
mer that binds the promoter DNA. In a 
high concentration, Gcn4p alone can bind 
UPRE-2 and activate transcription. Hac1p 
alone can bind but not activate the target 
UPREs. Gcn4p is transiently up-regulated 
during the fi rst 15 minutes of UPR (Patil et 
al., 2004).
Gcn4p is regulated at translational 
level and conditionally translated under 
several stress conditions, such as amino 
acid starvation, glucose limitation, and 
UV irradiation (reviewed in Hinnebusch 
et al., 2002). However, Gcn4p does not 
require induction of its translation during 
UPR, but the basal expression level of 
Gcn4p is necessary and suffi cient. It has 
been speculated that Hac1p provides the 
signal of unfolded proteins from the ER lu-
men, and Gcn4p transfers similar informa-
tion gleaned from the cytosol (Patil et al., 
2004).
In addition to the classical regulation 
of Hac1p by the nonconventional splicing, 
Hac1p is also regulated at transcriptional 
level. The combination of temperature shift 
(23ºC to 37ºC) and ER protein misfolding 
(e.g. by drug treatment) forms a bipartial 
signal that induces the up-regulation of 
HAC1 mRNA. During this event, splicing 
is also induced, although to a lesser ex-
tent than in classical UPR. In contrast, the 
temperature shift alone only transiently in-
duces HAC1 mRNA splicing and has no 
effect on HAC1 mRNA abundance. This 
dual up-regulation by both induced tran-
scription and splicing is called super-UPR 
and it is IRE1-independent (Leber et al., 
2004).
The HAC1 gene is autoregulated; 
Hac1p activates its own transcription by 
directly binding to the UPRE present in 
the HAC1 promoter area. In the absence 
of autoregulation, cells cannot maintain 
high levels of HAC1 mRNA and cannot 
survive well under prolonged ER-stress 
conditions. The autoregulation is required 
for the sustained activation of the UPR 
(Ogawa et al., 2004). Moreover, the degra-
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dation of Hac1p is a part of the regulation 
of Hac1p transcription factor activity (Pal 
et al., 2007). Hac1p has a half-life of only 
about 2 minutes, and it is one of the most 
short-lived proteins in yeast (Chapman et 
al., 1997).
Delayed up-regulation of genes 3.4. 
after thermal insult
DUR is a novel mechanism where pro-
teins (especially heat shock proteins) are 
up-regulated after thermal insult during 
the recovery period at physiological tem-
perature (Seppä et al., 2004). Typically, a 
heat shock protein is up-regulated during 
a preconditioning period before a more se-
vere thermal insult. A DUR-regulated gene 
is up-regulated again during the recovery 
period. The second induction (DUR induc-
tion) takes place after 2-4 hours at physio-
logical temperature, and it is usually more 
efficient than the first induction during 
preconditioning. The DUR-phenomenon 
exists both at mRNA and protein level, it 
does thus not depend on translational de-
lay. Genes subjected to DUR have been 
found from different cellular compart-
ments: Hsp104 in the cytosol, BiP/Kar2p 
and Lsh1p in the ER lumen, and Hsp78 
in the mitochondria. (Seppä et al., 2004; 
Seppä et al., 2005)
The mechanism of DUR is not fully 
understood, but it is mediated by Hsf1p via 
HSEs (see above) (Seppä et al., 2004). 
Hsf1p, hyperphosphorylated at stress 
conditions, is active for HSE binding dur-
ing preconditioning, thermal insult, and re-
covery period (Yamamoto et al., 2008). No 
delayed up-regulation has been seen if the 
cells have been subjected to only precon-
ditioning temperature, i.e. a milder heat 
shock (Seppä et al., 2004). Indeed, tran-
scriptionally active Hsf1p has been shown 
to exist in cells recovering from thermal in-
sult, but not in cells recovering from milder 
heat shock (Yamamoto et al., 2008).
Mutations of STREs in the HSP104 
promoter have no effect in the DUR of 
Hsp104 (Seppä et al., 2004). Even so, 
some Msn2/4p-regulated gene products 
are involved in the DUR of the HSP104 
gene, because the deletion of genes en-
coding transcription factors Msn2/4p re-
sults in a delayed and decreased DUR 
(Seppä et al., 2004). In another study, 
the Msn2/4p-mediated transcription was 
not signifi cantly up-regulated during the 
recovery period after thermal insult (Ya-
mamoto et al., 2008). The Hog1p MAP ki-
nase is also required at least for the DUR 
of Hsp104 (Seppä et al., 2004).
At heat shock temperature, expres-
sion of the KAR2 gene is induced by an 
HSE dependent manner. When unfolded 
proteins accumulate in ER lumen, UPRE 
in the KAR2 promoter mediates KAR2 in-
duction (Kohno et al., 1993). The HSE in 
the promoter of the KAR2 gene is able to 
drive the DUR of BiP/Kar2p. Somehow, 
UPRE can evoke the DUR of BiP/Kar2p, 
too. Induction via UPRE happens indepen-
dently of HSE and is less effi cient. UPRE 
and HSE are likely to be able to back each 
other up (Seppä et al., 2005).
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Aims of the study
AIMS OF THE STUDY
The aims of the present study were to reveal the recovery events in Saccharomyces 
cerevisiae yeast cells after thermal insult. The focus was to study the roles of Hsp104 
and trehalose in the repair of ER-intraluminal heat-damaged proteins and to reveal the 
signifi cance of trehalose for cellular membranes after thermal insult, and secondly, to 
fi nd new contributors for the recovery after thermal insult.
The specifi c aims were:
I:  To study the role of the cytoplasmic chaperone Hsp104 in the refolding of heat-
damaged secretory proteins retained in the ER lumen.
II:  To reveal the signifi cance of cytoplasmic disaccharide trehalose in the refolding 
of heat-denatured secretory proteins and for the maintenance of membrane traffi c 
after thermal insult.
III:  To determine new genes and proteins related to DUR and involved in the recovery 
of yeast cells after thermal insult.
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Materials and methods
MATERIALS AND METHODS
The S. cerevisiae yeast strains used in this work are listed in Table 3. Table 4 displays 
the experimental methods used in this work. Detailed descriptions of the methods are 
given in the original publications or references therein.
Table 3. S. cerevisiae strains used in this work.
Strain Relevant mutation Artifi cial reporter 1  
Overexpression 2
Publi-
cation
Source or reference
H1 None I, II R. Schekman
H4 sec18-1 I (Novick et al., 1981)
H245 None III (Thomas et al., 1989)
H393 sec18-1 Hsp150--lactamase1 I, II (Simonen et al., 1994)
H453 hsp104 I (Sanchez et al., 1990)
H534 hsp104 sec18-1 Hsp150--lactamase1 I (Saris et al., 1998)
H777 None II (Schlenstedt et al., 1995)
H826 hsp104 HSP104* I This work
H835 hsp104 sec18-1 I, III This work
H836 hsp104 HSP104* sec18-1 I This work
H837 tps1 hxk2 II, III (Blazquez et al., 1994)
H838 hxk2 II (Blazquez et al., 1994)
H850 hsp104 HSP104* sec18-1 Hsp150--lactamase1 I This work
H851 hsp104 sec18-1 Hsp150--lactamase1 I, II This work
H881 tps1 sec18-1 Hsp150--lactamase1 II This work
H924 hsp104 HSP104-K218T I This work
H941 hsp104 HSP104-K218T 
sec18-1
Hsp150--lactamase1 I, II This work
H966 None Fur4p2 II This work
H974 sec18-1 Fur4p2 II This work
H982 hsp104 HSP104-
K218T,K620T
II This work
H984 hsp104 HSP104-
K218T,K620T sec18-1
Hsp150--lactamase1 II This work
H990 hsp104 Fur4p2 II This work
H992 tps1 hxk2 Fur4p2 II This work
H993 tps1 hxk2 sec18-1 Fur4p2 II This work
H1363 hsp104 1-18Hsp150--
lactamase1§
III This work
H1728 None III Euroscarf
H2212 spt3 III Euroscarf
H2225 med3 III Euroscarf
H2274 med3 1-18Hsp150--
lactamase1§
III This work
H2275 None 1-18Hsp150--
lactamase1§
III This work
H2276 spt3 1-18Hsp150--
lactamase1§
III This work
* HSP104 rescue strain.
§ Cytoplasmic construct.
2 Fur4p overexpression (2  URA3 GAL-FUR4) (Volland et al., 1994).
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Table 4. Methods used in this work.
Method Publication Described in
Analysis of bulk protein synthesis II II
Bacterial transformation I, II, III Standard methods
-lactamase activity assay I, II, III (Simonen et al., 
1994; 
Saris et al., 1997)
Determination of Km values I (Paunola et al., 1998)
FM 4-64 staining and fl uorescence microscopy II (Vida et al., 1995), II
Glucose consumption assay I, II, III I, II
Immunofl uorescence microscopy II II
Immunoprecipitation I, II, III (Saris et al., 1997)
Metabolic labeling with [3H]-mannose I I
Metabolic labeling with [35S]-methionine/cysteine I, II, III (Saris et al., 1997)
Microarray labeling and hybridization III III
Plasmid construction I, II, III Standard methods
Real-time quantitative PCR III III
RNA extraction III III
SDS-PAGE analysis I, II, III Standard methods
Site-directed mutagenesis by PCR I,II I
Tetrad dissection II Standard methods
Thermotolerance assay I, II, III (Sanchez et al., 
1990;
Saris et al., 1997)
Transmission electron microscopy II II
Uracil permease endocytosis assay II (Volland et al., 1992), 
II 
Western analysis I, II (Saris et al., 1997)
Yeast cell culture I, II, III Standard methods
Yeast transformation I, II, III Standard methods
Materials and methods
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Results
RESULTS
The fate of yeast Saccharomyces cerevi-
siae cells, after extreme temperature con-
ditions, was investigated in this thesis. The 
temperature treatment profi le is shown in 
Fig. 4. Earlier (articles I and II) we used 
the term “severe heat shock” to describe 
a 15-20 minute exposure at 48-50ºC, but 
later (article III) we used the term “thermal 
insult” for the same conditions, in order  to 
avoid confusion with “heat shock”, which is 
a much milder treatment (usually at 37ºC). 
In this thesis, I use the term “thermal in-
sult” for the harsh conditions described 
above.
recovery 
15-20 min
24oC
37oC
48-50oC
1 h
Figure 4. A schematic presentation of 
the thermal treatments used in the ex-
periments of this thesis. The duration and 
temperature of the thermal insult have var-
ied between 15 to 20 minutes and 48ºC to 
50ºC, respectively.
Hsp104 is a cytoplasmic chaperone of the 
Hsp100/ClpB family. It is required for the 
refolding and disaggregation of heat-dena-
tured cytoplasmic proteins (Parsell et al., 
1994b) and for the acquisition of thermo-
tolerance (Sanchez et al., 1990). At physi-
ological conditions, the amount of Hsp104 
in cells is barely detectable, but during 
heat shock (37ºC) its production is strongly 
induced (Sanchez et al., 1990). Similarly, 
the concentration of the cytoplasmic disac-
charide trehalose increases remarkably in 
cells exposed to high temperatures. Tre-
halose is also required for the acquisition 
of thermotolerance in exponentially grow-
ing yeast cells (Wiemken,1990), and it 
has been suggested to stabilize both pro-
teins and membranes (Crowe et al., 1984; 
Crowe et al., 1992).
However, Susan Lindquist’s group 
has demonstrated that trehalose does not 
protect proteins from heat damage, but 
rather suppresses the heat aggregation of 
proteins, maintaining them in a non-native 
state. Upon dilution out of trehalose, the 
proteins are refolded by Hsp104 (Glover 
et al., 1998; Singer et al., 1998b). Treha-
lose is rapidly degraded when the heat 
The role of cytoplasmic Hsp104 and trehalose after thermal 1. 
insult
stress is over, which is thought to promote 
the refolding function of Hsp104 (Singer et 
al., 1998a).
As has earlier been shown in our lab-
oratory, ER-accumulated and heat-inacti-
vated secretory proteins can be repaired 
by an ATP-dependent mechanism (Jämsä 
et al., 1995a), and the ER-luminal Hsp70 
chaperone Lhs1p is involved in the repair 
(Saris et al., 1997). Lhs1p associates with 
heat-affected proteins, but not with native 
counterparts (Saris et al., 1997; Saris et 
al., 1998).
In the experiments described below, 
we have used the yeast strains listed in 
Table 3 of this thesis. Tps1p is a subunit of 
trehalose synthase complex, and strains 
lacking the TPS1 gene are unable to pro-
duce trehalose (Bell et al., 1998). Because 
tps1 mutants are not able to grow on 
glucose, we have used strains where the 
HXK2 gene was also deleted, restoring the 
ability to grow on glucose (Blazquez et al., 
1994). Hence we have used hxk2 strains 
as background strains to make sure that 
hexokinase isoenzyme 2 (Hxk2p) has no 
role in the acquisition of thermotolerance.
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Conformational repair of heat-1.1. 
denatured proteins in the 
endoplasmic reticulum (I & II)
Reactivation of heat-denatured 1.1.1. 
-lactamase in the absence of 
Hsp104 or trehalose
Hsp150--lactamase is an artifi cial re-
porter enzyme, in which the E.coli -lac-
tamase is linked to the N-terminal part 
of yeast Hsp150 (Simonen et al., 1994). 
Hsp150 is a secretory heat shock protein, 
which is up-regulated at heat shock (37ºC) 
and quickly secreted to the culture medium 
(Russo et al., 1992; Russo et al., 1993). 
The natural role of Hsp150 is still unclear, 
despite intensive research (e.g. Russo et 
al., 1992; Russo et al., 1993; Suntio et al., 
1999; Fatal et al., 2002). In the recombi-
nant protein, Hsp150 functions as a car-
rier that leads the protein to the ER by 
post-translational translocation (Simonen 
et al., 1994; Jämsä et al., 1995b; Paunola 
et al., 1998).
The chimeric protein is modifi ed along 
the secretory pathway; Hsp150 is heav-
ily O-glycosylated and disulfide bonds 
are formed (Simonen et al., 1994). The 
Hsp150 carrier assists the correct folding 
of the -lactamase portion and guides the 
protein out of the cell and to the culture 
medium (Simonen et al., 1994). The loca-
tion of the Hsp150--lactamase in the 
cell is easy to specify by the extent of its 
O-glycosylation (Paunola et al., 1998). In 
SDS-PAGE, the cytoplasmic unglycosy-
lated form migrates as a 66 kDa protein, 
the ER translocated form carries single 
mannose residues and migrates as a 110 
kDa protein, and the mature form with ex-
tended O-glycans migrates as a 145 kDa 
protein (Simonen et al., 1994; Paunola et 
al., 1998). The correct folding of the re-
porter protein can be followed by measur-
ing the enzymatic activity of -lactamase 
(Simonen et al., 1994).
First we studied the reactivation of the 
heat-denatured Hsp150--lactamase. 
When sec18-1 cells were preconditioned 
for 1 hour at 37ºC, Hsp150--lactamase 
molecules were accumulated in the ER lu-
men, because the sec18 mutation blocks 
the traffi c from ER to Golgi at non-permis-
sive temperature (Novick et al., 1981). 
Thermal insult (20 min at 50ºC) caused 
the inactivation of the enzyme activity of 
ER-accumulated -lactamase. During 
the recovery period at physiological tem-
perature (24ºC), 50% to over 70% of the 
original enzyme activity was resumed in 
about 4 hours (I, Fig. 1A; II, Fig. 1B), even 
though cycloheximide was added to inhibit 
the protein synthesis.
In order to study the role of Hsp104 
and trehalose in the reactivation of -lac-
tamase, the same experiment was repeat-
ed with yeast strains lacking the HSP104 
gene or the TPS1 gene. In both deletion 
strains, the enzyme accumulated in the 
ER at 37ºC and was inactivated during 
thermal insult, but very little of the activ-
ity resumed during the recovery period at 
24ºC (I, Fig. 1B closed circles; II, Fig. 1C, 
respectively). Hsp104 has two ATP-bind-
ing sites that are both necessary for the 
acquisition of thermotolerance (Parsell et 
al., 1991). We therefore tested if a lysine 
218 to threonine mutation, which destroys 
the fi rst ATP-binding site, has any effect 
on the refolding events inside the ER. The 
refolding of the heat-denatured -lactama-
se was very modest in this strain (I, Fig. 
1C; II, Fig. 1D). In conclusion, functional 
Hsp104 and trehalose are required for the 
reactivation of heat-inactivated Hsp150-
-lactamase inside the ER.
It was necessary to confirm that 
Hsp150--lactamase was fully translocat-
ed and resided in the ER lumen before the 
thermal insult. The sec18-1 and hsp104 
sec18-1 cells were preconditioned for 10 
min at 37ºC to close the sec18 block, and 
then metabolically labeled with [35S]-methi-
onine/cysteine at 37ºC for 1 hour and sub-
jected to immunoprecipitation. SDS-PAGE 
analysis revealed that the Hsp150--lac-
tamase was translocated into the ER lu-
men (110 kDa form) both in the presence 
Results
29
and in the absence of Hsp104 (I, Fig. 3A 
and B, lanes 2, respectively). In the treha-
lose defi cient strain, the translocation was 
verifi ed by following the kinetics of trans-
location.
The cells were fi rst preincubated for 
15 min at 37ºC to close the sec18 block, 
then metabolically labeled with [35S]-me-
thionine/cysteine for 5 min at 37ºC and 
chased for different time periods at 37ºC. 
Immunoprecipitation and SDS-PAGE anal-
ysis revealed that after a 20 min chase, al-
most all the protein was in the 110 kDa ER 
form (II, Fig. 2, lanes 3). The translocation 
was also shown by indirect immunofl uo-
rescence staining with -lactamase anti-
serum as ER-like structures (II, Fig. 3A-C). 
Staining with the antiserum against ER-
resident Lhs1p revealed similar structures 
(II, Fig. 3D). We concluded that Hsp150-
-lactamase was translocated and existed 
in the ER lumen before the thermal insult.
As was earlier shown in our labora-
tory, in the absence of the ER-resident 
chaperone Lhs1p, the heat-inactivated 
Hsp150--lactamase was not reacti-
vated, but a small proportion of it was se-
creted to the culture medium, while most 
of the protein remained cell-associated 
and was degraded (Saris et al., 1997; Sa-
ris et al., 1998). Therefore we studied next 
whether inactive Hsp150--lactamase 
was in the absence of Hsp104 retained in 
the ER or secreted to the culture medium 
in an inactive form. Metabolic labeling with 
[35S]-methionine/cysteine was performed 
at 37ºC for 1 hour, and parallel cell sam-
ples were chased for different time periods 
with excess of unlabeled methionine and 
cysteine.
Immediately after the pulse label, all 
of the Hsp150--lactamase was in the 
110 kDa ER form both in the presence and 
in the absence of Hsp104 (I, Fig. 3A and B, 
lanes 2, respectively). When pulse labeled 
cell samples were shifted directly to 24ºC 
omitting thermal insult, the majority of the 
Hsp150--lactamase was secreted to 
the culture medium in 2-2.5 hours (I, Fig. 
3A and B, lanes 3-4). In cells subjected to 
thermal insult (15 min at 48ºC), Hsp150-
-lactamase was retained in the ER form 
(I, Fig. 3A and B, lanes 6). After thermal 
insult, the cell samples were let to recover 
at 24ºC. In the control strain, most of the 
reporter protein was secreted after 4 hours 
recovery (I, Fig. 3A, lanes 9-10), and after 
8 hours all of the protein was in the cul-
ture medium (I, Fig. 3A, lanes 11-12). In 
the absence of Hsp104, the reporter pro-
tein persisted mostly in the ER form for at 
least 7.5 hours (I, Fig. 3B, lane 12), and 
only a very small amount was secreted 
(I, Fig. 3B, lane 11). Similar results were 
obtained in the absence of trehalose (data 
not shown). We thus concluded that both 
Hsp104 and trehalose are required for the 
resumption of the secretion competence 
of heat-denatured Hsp150--lactamase.
Refolding of CPY in the absence 1.1.2. 
of Hsp104 or trehalose
Because Hsp150--lactamase is an arti-
fi cial reporter protein, we wanted to study 
a natural yeast glycoprotein as well. Car-
boxypeptidase Y (CPY) is a well studied 
vacuolar protease whose transport com-
petence is used as a measure of its fold-
ing state (Simons et al., 1995). CPY is 
extensively processed along the secretory 
pathway, and its biosynthetic state reveals 
intracellular location. First, preproCPY 
loses the signal peptide in the ER, and 
the remaining proCPY acquires four N-
glycans (67 kDa), which are extended in 
the Golgi complex (69 kDa). Finally, in the 
vacuole the pro-sequence is removed pro-
ducing mature CPY (62 kDa) (Stevens et 
al., 1982).
Because preproCPY translocates 
rapidly, and proCPY leaves the ER slowly, 
CPY is mostly found in the ER after a 5 
min pulse label. Therefore the following 
experiments could be carried out in strains 
lacking secretion blocks (i.e. sec muta-
tions), in order to avoid the infl uence of 
those mutations on the secretory pathway. 
Parallel cell samples were preconditioned 
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for 1 hour at 37ºC, and then pulse labeled 
with [35S]-methionine/cysteine for 5 min at 
37ºC, to get the protein into the ER (I, Fig. 
7A-D; II, Fig. 4A-D, lanes 1).
After thermal insult (20 min at 48ºC), 
the ER-specifi c proCPY was seen (I, Fig. 
7A-D; II, Fig. 4A-D, lanes 2). In the wild 
type cells, the majority of the CPY mole-
cules was in the vacuole after 4 hour re-
covery at 24ºC (I, Fig. 7A, lane 4; II, Fig. 
4B lane 4). In hsp104 strain, the proCPY 
persisted for at least 6 hours at 24ºC, 
showing that it still remained in the ER (I, 
Fig. 7B, lane 5). In tps1 hxk2 strain, the 
proCPY was processed to mature CPY (II, 
Fig. 4A, lanes 3-5), but phosphoimager 
analysis revealed that the transport rate 
was much slower in the tps1 hxk2 strain 
than in the wild type (II, Fig. 4E).
To further verify the biological rele-
vance of Hsp104 in the refolding events 
in the ER, the resumption of the transport 
competence of cell wall mannoproteins 
was also examined in hsp104 cells. The 
yeast cell wall consists of 1,3 glucan net-
work, extensively N- and O-glycosylated 
mannoproteins, and chitin (reviewed in 
Lipke et al., 1998). The sec18-1 and 
hsp104 sec18-1 strains were preincu-
bated for 15 min at 37ºC and then labeled 
with [3H]-mannose for 30 min at 37ºC to 
achieve the incorporation of radioactiv-
ity. First, the sec18-1 cells were shifted to 
24ºC without thermal insult, and parallel 
samples were incubated for different time 
periods. The cell wall was removed and 
the radioactivity of the cell wall and the re-
maining spheroplasts was detected. Most 
of the radioactivity reached the cell wall 
before 1 hour at 24ºC (I, Fig. 8A). When 
parallel sec18-1 cells were subjected to 
thermal insult (20 min at 50ºC) after pulse 
labeling, the radioactivity was transported 
to the cell wall very slowly (I, Fig. 8B). In 
the hsp104 sec18-1 cells subjected to 
thermal insult, the radioactivity remained 
intracellular.
In conclusion, the biological relevance 
of Hsp104 and trehalose was shown by 
the fact that the resumption of the trans-
port competence of the yeast natural gly-
coprotein CPY failed or was delayed in the 
absence of Hsp104 or trehalose, respec-
tively. In addition, the resumption of the 
transport competence of cell wall manno-
proteins failed in the absence of Hsp104. 
Viability of cells and operation 1.2. 
of secretion machinery after 
thermal insult (I & II)
Metabolic activity and protein 1.2.1. 
synthesis after thermal insult
Both Hsp104 and trehalose are necessary 
for the acquisition of thermotolerance, and 
yeast cells are unable to form colonies af-
ter thermal insult in the absence of one or 
the other (Sanchez et al., 1990; De Virgilio 
et al., 1994). Thus, we wanted to confi rm 
that the problems in the refolding and se-
cretion of heat-denatured proteins were 
not the consequence of sudden cell death 
after thermal insult. However, both deletion 
strains (hsp104 and tps1) consumed 
glucose like normal cells after precondi-
tioning (at 37ºC) and thermal insult (20 min 
at 48-50ºC) (I, Fig. 2 and II, Fig. 5). We 
also measured the bulk protein synthesis 
in tps1 strain after thermal insult (20 min 
at 50ºC), and it was irreversibly blocked. 
In the background strain, protein synthe-
sis restarted slowly and reached the nor-
mal level after a 4 hour recovery (II, Fig. 
6). We concluded that in the absence of 
Hsp104 or trehalose, cells are alive during 
the period studied, but they are incapable 
of colony formation and fi nally die.
The functionality of secretion 1.2.2. 
machinery after thermal insult
Our next question was whether the secre-
tion machinery is functional after thermal 
insult. Many secretory proteins were stuck 
in the ER lumen by thermal insult. We 
wanted to know if they were unfolded and 
therefore retained in the ER, or if the se-
cretion machinery was unable to secrete 
any protein out of the cell. One possible 
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reason for the secretion incompetence 
could be the irreversible misfolding of 
the temperature-sensitive Sec18 protein, 
which blocks the secretion and enables 
the accumulation of reporter proteins in 
the ER during preconditioning at 37ºC. We 
metabolically labeled hsp104 sec18-1 
cells during 1 hour periods before and af-
ter thermal treatments, and followed the 
secretion of newly synthesized Hsp150-
-lactamase (I, Fig. 5).
Before thermal treatments, most of 
the protein molecules were secreted into 
the culture medium. During the fi rst hour 
of recovery after thermal insult (20 min at 
50ºC), the translocation and ER-exit were 
retarded but not totally blocked (I, Fig. 5, 
b). During the third hour of recovery, most 
of the protein was already detected in the 
medium (I, Fig. 5, c). Next, we compared 
the secretion kinetics of newly synthesized 
Hsp150--lactamase in hsp104 sec18-1 
and sec18-1 strains by a brief pulse label-
ing 4 hours after thermal insult (20 min 
at 48ºC). The labeling showed that most 
of the newly synthesized reporter protein 
was secreted to the culture medium, but 
the secretion was slightly slower in the 
absence of Hsp104 even after 4 hours of 
recovery (I, Fig. 6).
In tps1 strain, we could not perform 
the above experiment to show the secre-
tion competence, because of the irrevers-
ible inhibition of protein synthesis after 
thermal insult. Uracil permease is a plas-
ma membrane permease that allows the 
entry of uracil from culture medium to cyto-
plasm (Volland et al., 1992). We detected 
the amount of uracil permease on the cell 
surface by measuring the uptake of [14C]-
uracil. Normally, the amount of uracil per-
mease on the plasma membrane is sta-
bile. The protein is constantly synthesized 
and transported to the plasma membrane 
via exocytosis, and at the same extent in-
ternalized by endocytosis and degraded in 
the vacuole (Volland et al., 1992).
In tps1 sec18-1 strain, the newly 
synthesized uracil permease molecules 
were accumulated in the ER during pre-
conditioning (37ºC). The cells were sub-
jected to thermal insult (15 min 48ºC) and 
thereafter the uracil uptake was measured. 
During the fi rst hour of recovery (24ºC), 
the uracil uptake decreased, indicating the 
internalization of uracil permease from the 
plasma membrane (II, Fig. 9, open circles). 
Then suddenly, during the second hour 
of recovery, the uracil uptake increased 
again as a result of the release of the ER-
accumulated pool of permease molecules 
to the plasma membrane, indicating the 
resumption of exocytosis. Thereafter, the 
uracil uptake decreased again with similar 
kinetics as before thermal treatments (II, 
Fig. 9, closed circles).
From these results we concluded that 
both deletion strains are able to transport 
proteins from the ER to the plasma mem-
brane after thermal insult. The retention of 
heat-denatured proteins in the ER lumen 
is not the fault of defi ciency in the secre-
tion machinery or retarded membrane traf-
fi c.
Trehalose and membrane 1.3. 
protection (II)
It has been long speculated that trehalose 
protects membranes against the destruc-
tive effects of environmental stress con-
ditions (Crowe et al., 1984; Crowe et al., 
1992). Thus we wanted to test the func-
tionality of membrane traffic after ther-
mal insult in the absence of trehalose. 
The internalization of uracil permease, 
described above, was performed to com-
pare the rate of endocytosis in tps1 and 
wild type strains. The uptake of [14C]-uracil 
was measured at 24ºC both before ther-
mal treatments and during recovery (af-
ter preconditioning at 37ºC and thermal 
insult for 15 min at 48ºC). Cycloheximide 
was added in the samples to prevent the 
production of new uracil permease mol-
ecules, leading to the gradual decrease 
of uracil permease on the plasma mem-
brane, indicated by the gradual decrease 
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of cell-associated radioactive uracil. The 
amount of uracil uptake decreased with 
similar kinetics in the tps1 strain before 
and after thermal treatments (II, Fig. 7A). 
Substantially similar results were obtained 
in the wild type strain (II, Fig. 7B).
Uracil permease internalization assay 
showed that both exo- and endocytosis 
were functional after thermal insult, but 
the assay revealed only the fi rst step of 
endocytosis from the plasma membrane 
to the endosomes. We therefore needed 
to confi rm that the endocytic pathway is 
functional all the way to the vacuole. The 
lipophilic drug FM 4-64 stains the plasma 
membrane, and the internalization of the 
membrane to the vacuoles can be followed 
by fl uorescence microscopy (Vida et al., 
1995). First, the staining of the vacuolar 
membrane was shown at physiological 
temperature both in wild type and tps1 
cells (II, Fig. 8B and E). When the same 
assay was performed after precondition-
ing (at 37ºC) and thermal insult (20 min at 
48ºC), the stained plasma membrane was 
internalized but did not reach the vacuolar 
membrane. It probably resides in the cy-
toplasm in pre-vacuolar compartments (II, 
Fig. 8C and F). The assay was repeated 
after 3 hour recovery at 24ºC, and then the 
cells were already able to fuse the inter-
nalized plasma membrane to the vacuole, 
and the vacuolar membrane was stained 
(II, Fig. 8D and G). The presence or ab-
sence of trehalose has no effect on the re-
sumption of endocytotic functions.
We still wanted to investigate the mor-
phology of the heat treated cells and par-
ticularly the membranes by a transmission 
electron microscopy. For reference, we 
fi rst compared tps1 and wild type cells 
grown at normal conditions and found no 
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Figure 5. Analysis of HSP104 mRNA in the absence of trehalose. tps1 (S. cerevisiae 
strain H837) and wild type (wt) cells (strain H838) grown at 24ºC, were preconditioned 
for 1 hour at 37ºC, exposed to thermal insult at 50ºC for 20 minutes, and thereafter 
allowed to recover at 24ºC. Total RNA was extracted from the cells collected before 
thermal treatment, after preconditioning, after thermal insult and after 1, 3 and 5 h 
recovery. Samples were subjected to RT-qPCR analysis with HSP104 primers. The 
value of untreated cells at 24ºC was set to 1. Mean of two experiments on independently 
isolated RNA samples.
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differences (II, Fig. 10A and C). After pre-
conditioning (at 37ºC), thermal insult (20 
min at 48ºC), and a 6 hour recovery, a lot 
of aggregates could be detected in the 
cytoplasm of the tps1 cell (II, Fig. 10B), 
but none in the wild type cell (II, Fig. 10D). 
However, the membrane structures ap-
peared similar in both strains.
We concluded that trehalose had no 
infl uence on the protection of membrane 
traffi c against heat damage in vivo under 
these experimental conditions.
Expression of Hsp104 in 1.4. 
the absence of trehalose 
(unpublished)
It has been shown that high concentra-
tions of trehalose can increase secondary 
and tertiary structures of the C-terminal 
domain of transcription factor Hsf1p in 
vitro, and these structural changes are 
further enhanced by heat (Bulman et al., 
2005). Hsf1p activates the transcription of 
HSP genes, including HSP104 (see the 
Review of the literature, 3.1.2. Heat shock 
transcription factors). The high trehalose 
level keeps Hsf1p in a highly active state 
and leads to the increased transcription of 
HSP genes (Conlin et al., 2007).
One can speculate that the conse-
quences of the lack of trehalose, proposed 
in article II, are a multiplicative result of the 
decrease in Hsf1p activity. Before the pub-
lication of article II, we were already wor-
ried about the importance of trehalose for 
the expression of Hsp104, because of one 
report of the general reduction in the ex-
pression of heat shock genes in tps1 mu-
tants (Hazell et al., 1995). Thus, we stud-
ied the expression of Hsp104 in the tps1 
strain and in the wild type strain. The cells 
were metabolically labeled with [35S]-me-
thionine/cysteine during 1h periods, lysed 
and subjected to immunoprecipitation with 
anti-Hsp104 antibody, followed by SDS-
PAGE analysis.
The experiment indicated that the 
expression of Hsp104 was comparable in 
both strains during preconditioning (37ºC) 
and upon recovery (24ºC) after thermal 
insult (20 min at 48ºC) (data not shown), 
although the bulk protein synthesis in the 
absence of trehalose was almost negligi-
ble. Our result is consistent with an earlier 
study by Singer and Lindquist, in which 
they showed that the mutation of the TPS1 
gene does not affect HSP induction under 
moderate heat shock conditions (Singer et 
al., 1998b).
To confirm these results at mRNA 
level for this thesis, I performed a quan-
titative PCR on total RNA extracted from 
the tps1 hxk2 and hxk2 strains by us-
ing HSP104 primers (5’ CAATGTCGTCT-
TGAAGAAGGGTAA 3’ and 5’ CTTCGT-
GATTTGGTAGAACTTCCA 3’). Fig. 5 of 
this thesis shows that HSP104 mRNA is 
intensively produced during precondition-
ing (37ºC) and during recovery (at 24ºC) 
after thermal insult (20 min at 50ºC). After 
thermal insult, the induction of HSP104 
is stronger in the hxk2 strain than in the 
tps1 hxk2 strain, but it is necessary to 
say that the variation between repeats of 
an experiment can be rather large even in-
side the same strain. However, there is ev-
idently a lot of transcription of the HSP104 
gene in the absence of trehalose, and the 
possible decrease in Hsf1p activation can-
not explain the phenotype of this strain.
Results
2. Changes in global gene expression after thermal insult (III)
DNA microarray is an effi cient tool to study 
the expression of an entire genome at the 
same time. In yeast, extensive microarray 
studies have been published about gene 
expression in response to different envi-
ronmental changes (Gasch et al., 2000; 
Causton et al., 2001). We utilized DNA 
microarray to reveal the changes in glob-
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al gene expression during recovery after 
thermal insult. The wild type yeast S. cer-
evisiae cells grown at physiological tem-
perature (24ºC) were fi rst preconditioned 
for 1 hour at 37ºC and exposed to thermal 
insult (20 min at 50ºC), and then returned 
to recover at physiological temperature. 
Samples were collected at different time 
points before thermal treatments, after 
preconditioning, after thermal insult, and 
during recovery at 24ºC for 6 hours (III, 
Fig. 1). The expression levels were com-
pared with the initial level at 24ºC.
First we found that the changes in 
expression of stress-related genes during 
preconditioning (37ºC) were consistent 
with the earlier results by others (Gasch 
et al., 2000; Causton et al., 2001). The 
majority of mRNAs were degraded dur-
ing thermal insult (20 min at 50ºC). The 
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same phenomenon has been noticed for 
individual genes in other experiments by 
RT-qPCR (Seppä et al., 2005 and article 
III). However, some transcripts (HSP12, 
HSP26, TSF1, SHG1, NBA1 and SMF1) 
were up-regulated immediately after ther-
mal insult (20min at 50ºC) (III, Table 2).
After thermal insult at physiological 
temperature (24ºC), the transcription of 
genes started with different kinetics. The 
fi rst ones were induced immediately in the 
fi rst 15 minutes. PHO2, a gene related to 
phosphate metabolism, was induced very 
early. During the fi rst hours, a substantial 
amount of Ty retrotransposons were up-
regulated. The up-regulation of RPL26A, 
TIF2, TRA1, and some genes for heat 
shock proteins (HSP60, HSP78, HSP104, 
HSP150 and SSA4) followed the scheme 
of delayed up-regulation (III, Table 3). 
3.  The role of transcription factors Spt3p, Med3p and Hac1p in 
recovery after thermal insult (III)
3.1 The acquisition of thermotolerance 
in the absence of Spt3p or Med3p
We selected 30 transcription factors and 
other transcriptional regulators whose ex-
pression profi les were interesting on the 
basis of the microarray results obtained 
above. The corresponding deletion strains 
(III, Table 4) were tested for thermotoler-
ance. Cells grown at physiological tem-
perature (24ºC), were preconditioned at 
37ºC, when they normally acquire ther-
motolerance towards a higher tempera-
ture. Thereafter, the cells were exposed 
to continuous thermal insult at 50ºC, and 
samples were collected after 20, 40 and 
60 minutes. After extensive screening, 
stp3 and med3 strains were proved to 
have decreased ability to acquire thermo-
tolerance (III, Fig. 2). The early induction 
of a gene did not ensure the importance of 
that gene for the acquisition of thermotol-
erance: for example PHO2 was not nec-
essary for thermotolerance in spite of its 
early induction.
3.2. Splicing of HAC1 mRNA after ther-
mal insult
DUR, discovered in our group, is a regula-
tory phenomenon, where proteins undergo 
a second up-regulation after thermal in-
sult during recovery period at physiologi-
cal temperature (Seppä et al., 2004). The 
mechanism of DUR is complicated and 
partly unclear, but we know that the UPRE 
in KAR2 promoter can evoke the DUR of 
BiP/Kar2p (Seppä et al., 2005). Hac1p is 
a transcription factor responsible for in-
duction of UPR-genes (Patil et al., 2001). 
The expression of Hac1p is regulated by a 
non-conventional splicing mechanism (see 
the Review of the literature, 3.3. Unfolded 
protein response).
Next, we wanted to study the expres-
sion of Hac1p after thermal insult. The wild 
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type cells were treated as earlier (III, Fig. 
1) and the total RNA was extracted. RT-
qPCR was performed by using two pairs 
of primers – the fi rst pair for the fi rst exon 
of HAC1, and the second pair for the ex-
on-exon junction – to quantify the relative 
amounts of unspliced HAC1u and spliced 
HAC1i mRNA variants. In consistence with 
published results (Cox et al., 1996), practi-
cally all of the HAC1 mRNA was in the un-
spliced form at physiological temperature 
(III, Fig. 3A, column a). After precondition-
ing at 37ºC, the overall amount of HAC1 
mRNA decreased slightly, but the relative 
amount of spliced HAC1i mRNA was un-
changed (III, Fig. 3A, column b).
After thermal insult (20 min at 50ºC), 
the amount of HAC1 mRNA was only 
0.16-fold of the initial level before ther-
mal treatments, but the amount of spliced 
HAC1i mRNA increased to 24% of this to-
tal HAC1 mRNA (III, Fig. 3A, column c). 
After 120 min of recovery, the proportion of 
spliced HAC1i mRNA was 44% of the total 
HAC1 mRNA (III, Fig. 3A, column g). Thus 
the real amount of spliced HAC1i mRNA 
was 27-fold compared with the amount 
of spliced HAC1i mRNA before thermal 
treatments. After 240 min of recovery, the 
amount of spliced HAC1i mRNA turned to 
decline (III, Fig. 3A, column h). From these 
results we concluded that the splicing of 
HAC1i mRNA was subject to DUR.
3.2.1. The role of Spt3p and Med3p in 
the splicing of HAC1 mRNA after 
thermal insult
Spt3p and Med3p are transcription fac-
tors related to stress-induced genes and 
required for the acquisition of thermotoler-
ance (see above 3.1. The acquisition of 
thermotolerance in the absence of Spt3p 
or Med3p). However, they were not sub-
ject to DUR themselves (data not shown). 
Next, we wanted to study, whether the 
deletion of SPT3 or MED3 affects the ex-
pression and splicing of HAC1 mRNA.
RT-qPCR, analogous to that above, 
was performed on the total RNA extracted 
from spt3 and med3 strains. For the 
spt3 strain, we observed that the relative 
total expression of HAC1 mRNA 0-60 min 
after thermal isult was higher when com-
pared with the wild type strain (III, Fig. 3B, 
columns c-f). After 240 min of recovery 
from thermal insult the total expression of 
HAC1 mRNA reached the maximum and 
was weaker when compared with the wild 
type strain (III, Fig. 3B, column h). Also the 
splicing of HAC1 mRNA was decreased; 
after 120 min of recovery only 17.6% of 
the total HAC1 mRNA was in the spliced 
HAC1i form (III, Fig. 3B, column g). Fur-
thermore, in the med3 strain, after 120 
min of recovery, the total amount of HAC1 
mRNA and the splicing efficiency were 
lower than in the wild type strain (III, Fig. 
3C, column g). The induction of the total 
HAC1 mRNA and the splicing was de-
layed, reaching the culmination point after 
240 min of recovery (spt3 and wild type 
strains reached the maximum during 120 
min; III, Fig. 3C, column h). We concluded 
that Spt3p and Med3p are necessary for 
the effi cient splicing of HAC1 mRNA after 
thermal insult.
3.3. Expression of KAR2 compared 
with expression profi le of spliced 
HAC1
Hac1p is known to partially regulate the 
transcription of the KAR2 gene (Kohno et 
al., 1993), which encodes the ER-luminal 
chaperone BiP/Kar2p (Normington et al., 
1989). Since we observed that HAC1 
splicing was decreased in the spt3 and 
med3 strains after thermal insult, we 
were interested in the expression of KAR2 
in these strains. We performed RT-qPCR 
on total RNA from wild type, spt3 and 
med3 strains by using KAR2 primers. 
KAR2 was up-regulated during precondi-
tioning (37ºC), and then thermal insult (20 
min at 50ºC) caused a dramatic decrease 
in transcripts, similarly in all three strains 
(III, Fig. 4).
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The wild type and spt3 strains re-
covered faster than med3 strain; they 
reached the physiological level of KAR2 
expression after 30 min of recovery (III, 
Fig. 4, column e), whereas the med3 
strain reached the physiological level af-
ter approximately 90 min of recovery. After 
thermal insult, the maximal KAR2 expres-
sion was almost 9-fold compared to the 
physiological level in the wild type strain, 
but only a 3.3-3.4-fold induction was seen 
in the spt3 and med3 strains (III, Fig. 4, 
columns g and h). In conclusion, the ex-
pression profi les of KAR2 were similar to 
those of spliced HAC1i mRNA in the ab-
sence of Spt3p or Med3p.
3.4.  Conformational repair of heat-
denatured proteins in the absence 
of Spt3p or Med3p
The relevance of Spt3p and Med3p in 
the recovery of yeast cells after thermal 
insult was confi rmed by following the re-
pair of heat-denatured proteins inside the 
cell. BiP/Kar2p is known to be important 
for the correct folding of CPY (Simons et 
al., 1995). The expression of KAR2 is di-
minished in spt3 strain and diminished 
and delayed in med3 strains, and we 
thus wanted to measure the transport of 
heat-denatured CPY after thermal insult 
in those strains. Cells were fi rst precondi-
tioned for 1 hour at 37ºC and metabolically 
labeled with [35S]-methionine/cysteine for 
5 min at 37ºC. Samples were subjected 
to immunoprecipitation and SDS-PAGE 
analysis. Parallel cell samples underwent 
thermal insult (20 min at 50ºC) and were 
then chased at 24ºC. In spt3 and med3 
strains, the transport of CPY was delayed 
when compared with transport in the wild 
type strain (Phosphoimager quantifi cation; 
III, Fig. 5).
In addition, the cytoplasmic refolding 
apparatus was studied in the absence of 
Spt3p or Med3p. The refolding of a cyto-
plasmic reporter protein Hsp150--lac-
tamase without the signal sequence was 
observed by assaying the enzymatic ac-
tivity. The enzymatic activity, accumulated 
in the cytoplasm during preconditioning 
(37ºC), was inactivated during thermal 
insult (20 min at 50ºC). Cycloheximide 
was added to avoid the synthesis of new 
Hsp150--lactamase molecules. In wild 
type cells, over 90% of the original activity 
was restored at physiological temperature 
(24ºC) in 4 hours. In spt3 and med3 
strains, approximately 50% of the enzyme 
was activated during 5 hours of recovery 
(III, Fig. 6).
In conclusion, the refolding and trans-
port of yeast natural glycoprotein CPY was 
retarded, and the refolding of cytoplasmic 
reporter enzyme was impaired in the ab-
sence of Spt3p or Med3p. From these re-
sults we concluded that Spt3p and Med3p 
were both needed for repairing the cyto-
plasmic and ER-luminal refolding machin-
eries after thermal insult.
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Discussion
DISCUSSION
Hsp104 and trehalose in the conformational repair of ER-1. 
retained proteins after thermal insult
In this study, we have found new functions 
for cytoplasmic chaperone Hsp104 and 
cytoplasmic disaccharide trehalose. While 
most normal yeast S. cerevisiae cells 
survive such thermal treatments, strains 
lacking Hsp104 or trehalose are unable 
to acquire thermotolerance after precondi-
tioning at 37ºC, followed by thermal insult 
at 48-50ºC (Piper,1998). This is shown by 
their inability to form colonies when plated 
at physiological temperature.
As we show here, the repair of heat-
damaged glycoproteins inside yeast ER 
depends on Hsp104 and trehalose. In the 
absence of functional Hsp104 or trehalose, 
fully translocated, folded, and thereafter in 
vivo heat-denatured -lactamase failed to 
be refolded at physiological temperature to 
an active and secretion-competent form, 
and was retained in the ER. Similarly, the 
refolding of a yeast endogenous glyco-
protein, the vacuolar protease proCPY, 
to transport-competent conformation was 
prevented or delayed in the absence of 
Hsp104 or trehalose, respectively. The 
lack of Hsp104 also leads to the failure of 
the resumption of cell wall mannoproteins. 
These results with yeast endogenous pro-
teins confi rm the physiological relevance 
of Hsp104 and trehalose in the refolding 
events in the ER.
Secretion competence after 1.1. 
thermal insult
Although deletion strains lacking HSP104 
or TPS1 are unable to form colonies af-
ter thermal insult, the cells consumed glu-
cose and were thus alive during the period 
observed. Hsp104 has been reported to 
interact with secretory pathway proteins 
Sec23p, Sec27p, Sec28p and Sec31p 
(Gong et al., 2009). Sec23p and Sec31p 
are subunits of COPII vesicle coat and 
essential for ER to Golgi transport (Boni-
facino et al., 2004). Sec27p and Sec28p 
are subunits of COPI coatomer involved in 
the retrograde transport from Golgi to ER 
(Duden,2003). The lack of Hsp104 could 
thus lead to problems in secretion after 
thermal insult, if the above mentioned 
Sec-proteins were damaged during ther-
mal insult.
Our results show, however, that in 
the absence of Hsp104, the cells are 
able to secrete newly synthesized active 
Hsp150--lactamase from ER to the 
culture medium after thermal insult. This 
indicates that in addition to secretory ap-
paratus, synthesis, translocation, disul-
fi de bond formation and glycosylation are 
also functional during recovery period. 
The exocytosis of ER-accumulated uracil 
permease demonstrates that transport is 
functional in the absence of trehalose, al-
though tps1 cells are unable to perform 
large scale protein synthesis after thermal 
insult.
In conclusion, the newly synthesized 
proteins are folded and secreted normally 
after thermal insult, while their heat-dena-
tured counterparts are retained in the ER. 
What is the machinery that recognizes 
and retains unfolded proteins but permits 
recently synthesized proteins to be se-
creted? Could there be different compart-
ments for heat-denatured proteins and 
newcomers? At least BiP/Kar2p is known 
to accumulate in separate compartments 
inside ER when transport from ER to Golgi 
is blocked, implicating the existence of 
subdomains in yeast ER (Nishikawa et al., 
1994). On the other hand, from the earlier 
result in our laboratory, we know that BiP/
Kar2p is associated with the heat-dena-
tured and aggregated Hsp150--lactama-
se (Jämsä et al., 1995a). It is also known 
that in mammalian cells, incompletely fold-
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ed glycoproteins can be transported to the 
plasma membrane when association with 
both calnexin and calreticulin is abolished 
(Molinari et al., 2004).
Possible links between ER and 1.2. 
cytoplasm
How do cytoplasmic Hsp104 and treha-
lose interact with ER-intraluminal repair 
events? Is it possible that they visit the ER 
lumen? Hsp104 and trehalose have both 
been detected only in the cytoplasm and 
the nucleus (Singer et al., 1998a). Hsp104 
exists in homohexameric complexes (Par-
sell et al., 1994a) that are too large to pass 
the ER translocon, which has maximal di-
ameter approximately 60Å (Hamman et 
al., 1997). Hsp104 has several potential 
N-glycosylation sites, but no glycosylated 
variants have been reported, indicating 
that monomeric unfolded Hsp104 mole-
cules have not visited the ER lumen.
Being a sugar, trehalose would require 
a transporter to get into the ER lumen. The 
yeast genome sequence does not support 
the existence of such a transporter. Per-
haps a transmembrane protein of the ER 
membrane, required for intraluminal repair 
functions, is heat-damaged, and Hsp104 
together with trehalose repairs this domain 
to restore the ER refolding function.
Indeed, it has recently been shown 
that Hsp104 has interactions with ER 
membrane Hsp40 chaperone Erj5p, ER-
luminal folding enzyme Pdi1p, and ubiquit-
in-protein ligase Hrd1p (Gong et al., 2009) 
(Fig. 6). Erj5p is a type I transmembrane 
protein with an ER-luminal J-domain and 
a cytoplasmic C-terminal tail (Carla Fama 
et al., 2007), and thus the interaction with 
Hsp104 may exist on the cytoplasmic side 
of the ER membrane. The deletion of the 
ERJ5 gene, and the absence of the cor-
responding protein Erj5p, a possible regu-
lator of BiP/Kar2p, leads to a constitutive 
induction of the UPR (Carla Fama et al., 
2007). We can speculate that after ther-
mal insult, Hsp104 helps the cytoplasmic 
domain of Erj5p to refold correctly, and 
that the lack of Hsp104 results in inactive 
Erj5p and consequent folding problems in-
side the ER.
The association of Hsp104 with sol-
uble ER-luminal Pdi1p reported by Noiva 
and coworkers (1992) is not well-defi ned. 
It could refl ect an interaction of the chap-
erone with the nascent Pdi1-polypeptide 
before translocation, but it could also be 
a false positive result (Gong et al., 2009). 
Pdi1p is essential for the viability of yeast 
cells (Farquhar et al., 1991). It catalyzes 
disulfide bond formation (Noiva et al., 
1992) and exhibits interaction with BiP/
Kar2p (Kimura et al., 2005). The chaper-
oning function of at least bovine PDI is not 
restricted to its isomerase activity, but it 
can also suppress aggregation and assist 
the refolding of a protein with no disulfi de 
bonds (Cai et al., 1994). If there is real in-
teraction between Hsp104 and Pdi1p, the 
absence of Hsp104 in our experiments 
could explain the problems in the refold-
ing of ER-accumulated heat-denatured 
proteins.
Ubiquitin-protein ligase Hrd1p spans 
the ER membrane six times, and both 
N- and C-terminal domains face the cyto-
plasm (Deak et al., 2001). Thus, Hsp104 
can easily participate in the refolding of the 
cytoplasmic domains of Hrd1p. However, it 
was shown in our laboratory that the pres-
ence or absence of Hsp104 does not af-
fect the ER-associated degradation of ER-
accumulated heat-denatured Hsp150--
lactamase (Saris et al., 1997). Neither has 
any degradation been detected during the 
long recovery periods presented in the ex-
periments of this thesis.
One potential target for Hsp104 could 
be the cytoplasmic domain of Ire1p. Ire1p 
is an ER membrane kinase that senses 
the accumulation of unfolded proteins 
in the ER lumen (Sidrauski et al., 1997). 
The activated Ire1p performs the splicing 
of HAC1 mRNA, leading to the activation 
of UPR (Cox et al., 1996; Sidrauski et al., 
1997). The unfolding of Ire1p might lead 
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Figure 6. Possible links between ER lumen and cytosol in yeast S. cerevisiae. Cytoplas-
mic chaperone Hsp104 interacts with ER membrane proteins Erj5p and Hrd1p, and ER-
luminal Pdi1p (the mode of this interaction is unclear). Erj5p is a possible regulator of 
ER-luminal chaperone BiP/Kar2p, which interacts with the ER-luminal domain of Ire1p. 
BiP/Kar2p has specifi c interaction with Lhs1p, another ER-luminal chaperone, and also 
with Pdi1p. Lhs1p and Pdi1p participate in the repair of heat-denatured proteins in the 
ER lumen, and BiP/Kar2p associates with unfolded proteins. Cytoplasmic disaccharide 
trehalose is known to maintain proteins in a partially unfolded state and assist Hsp104 
in the refolding function.
to inactive endonuclease domain, distur-
bance in the splicing of HAC1 mRNA, and 
impaired UPR. Ire1p interacts with many 
cytoplasmic chaperones, including Hsp12 
(Gong et al., 2009). However, no interac-
tions between Hsp104 and Ire1p have 
been reported.
Another possibility is that the dele-
tion of Hsp104 or the absence of trehalose 
leads to more fundamental problems in 
protein folding. The cell is an organic unit 
and the cellular compartments have been 
communicating with each other for millions 
of years. Perhaps the separation of events 
inside the ER lumen from events in the 
cytoplasm is not as absolute as we usu-
ally assume. A relationship between UPR 
and HSR has been recently reported (Liu 
et al., 2008). In this study, constitutively 
active Hsf1p relieves the ER-stress cre-
ated by the deletion of the IRE1 gene. The 
activated HSR also stimulated the ERAD 
pathway and the ER export of misfolded 
proteins. On the other hand, ER-stress 
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can cause mild induction of HSR (Liu et 
al., 2008). Our results support the excis-
tence of this relationship; in the absence 
of Hsp104 or trehalose the HSR in the cy-
toplasm is probably decreased and the ER 
exit of misfolded proteins is impaired.
Trehalose and membranes1.3. 
From the early 1980s onwards, it has been 
speculated that trehalose is necessary for 
the maintenance of cellular membranes 
under different stress conditions (Crowe 
et al., 1984; Iwahashi et al., 1995; Sales 
et al., 2000). However, divergent results, 
suggesting that lipid composition is most 
significant for membrane stability, have 
also been published (Swan et al., 1999). 
At least some of those experiments have 
been performed with liposomes, instead of 
living cells as in our experiments (Crowe 
et al., 1984; Sales et al., 2000).
Relatively low concentrations of etha-
nol cause the inhibition of endocytosis in 
yeast cells. The high intracellular level of 
trehalose generates a high resistance of 
endocytosis to ethanol inhibition, whereas 
tps1 mutant is unable to resist ethanol 
(Lucero et al., 2000). It is well known that 
HSR also increases tolerance towards cer-
tain other stresses, and vice versa. Even 
so, in this study we have shown that treha-
lose has no role in the thermotolerance of 
vesicular membranes. The exocytosis and 
endocytosis of the plasma membrane ura-
cil permease were observed before and 
after thermal insult, and the rates were 
similar in the presence or absence of tre-
halose.
However, a lipophilic membrane dye, 
FM 4-64, revealed a heat-sensitive step 
between plasma membrane internaliza-
tion and delivery to the vacuole, but this 
feature was independent of trehalose. 
Transmission electron microscopy did not 
reveal any difference in the morphology of 
membranes between tps1 cells and con-
trol cells. These results attest that treha-
lose has no role in the protection of mem-
branes against heat-damage in vivo under 
our experimental conditions.
The relationship between Hsp104 1.4. 
and trehalose
Hsp104 and trehalose cooperate intimate-
ly in the solubilization and refolding of ag-
gregated polypeptides. Trehalose keeps 
aggregated proteins in a partially-folded 
state from which Hsp104 can refold them 
(Singer et al., 1998b). The regulation of 
the production of Hsp104 and trehalose 
are also related to each other. The treha-
lose synthesizing enzymes are induced by 
the same transcription factors as HSP104 
(Winderickx et al., 1996; Boy-Marcotte et 
al., 1998; Boy-Marcotte et al., 1999; Yama-
moto et al., 2005). Two studies report that 
in hsp104 mutant, the activities of treha-
lose metabolizing enzymes are low during 
heat shock (Hottiger et al., 1992; Iwahashi 
et al., 1998). However, in a recent study, 
normal levels of trehalose have been de-
tected in hsp104 strain (Mir et al., 2009).
According to some reports, the lack of 
trehalose leads to the decreased transcrip-
tion of HSP104 and other HSP genes dur-
ing heat stress (Hazell et al., 1995; Singer 
et al., 1998a; Mir et al., 2009), which could 
be due to a decrease in the phosphoryla-
tion level and activity of Hsf1p (Conlin et 
al., 2007). However, in our tps1 strain 
and experimental conditions, the HSP104 
mRNA level is somewhat compromised 
but the level of Hsp104 is normal. Thus, 
the protein folding problems after thermal 
insult cannot be only a secondary effect of 
the lack of trehalose.
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Changes in global gene expression 2. 
DNA microarray analyses reveal the glob-
al changes in gene expression. In yeast, 
extensive microarray surveys have been 
performed to study the effects of heat 
shock (24ºC to 37ºC) (Gasch et al., 2000; 
Causton et al., 2001). In addition to clas-
sical heat shock genes (HSP12, HSP26, 
HSP42, HSP78, HSP104, SSA4, SSE2), 
genes related to protein degradation 
(PHB2, RPN5, UBC5, UBC8, YPS6) were 
observed to be induced (Causton et al., 
2001). Those surveys also revealed that 
especially genes related to translation ap-
paratus were repressed in response to 
heat shock, as well as to other stresses.
From the earlier results in our labo-
ratory we know that after thermal insult, 
cell functions restart slowly during the re-
covery period at 24°C. Protein synthesis 
reaches the normal level in 6-7 hours, and 
the cells become able to divide after 8-10 
hours (Jämsä et al., 1995a). It is funda-
mentally important, which genes are tran-
scribed and translated during this period. 
We therefore performed a DNA microar-
ray study, which revealed that most of the 
transcripts were destroyed during thermal 
insult. This is a dramatic effect, and it is 
not consistent with an earlier report of the 
down-regulation of about 10% of the yeast 
genome during thermal treatment of 15 
min at 45°C (Becerra et al., 2003). Howev-
er, the conditions in our experiments were 
more severe.
Our results showed that a few mR-
NAs, including HSP26 and HSP12, sur-
vive thermal insult. Hsp26 and Hsp12 are 
the major sHsps in yeast (see the Review 
of the literature, 1.2.3. Small heat shock 
proteins). HSP26 mRNA is not detectable 
in unstressed cells, but is up-regulated 
by both transcription factors Hsf1p and 
Msn2/4p under different stress conditions 
(Amoros et al., 2001). However, the activ-
ity of Hsp26 is regulated by temperature 
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stimulated conformational rearrangement 
of the –crystallin domain (Franzmann 
et al., 2008). Transcriptional activation is 
thus not necessary if the Hsp26 chaper-
one is available. Hsp26 is an ideal chap-
erone for the anticipation theory (Mitchell 
et al., 2009); its expression is induced in 
response to the fi rst stress stimulus, after 
which the protein exists in cytoplasm in an 
inactive state and can be activated by the 
second stress stimulus. In our microarray 
experiments, the survival of HSP26 mRNA 
from thermal insult could be seen as an 
anticipation mechanism for the possible 
forthcoming second thermal insult.
Hsp12 has been shown to protect 
membranes against the negative effects 
of freezing and desiccation, and to be in-
terchangeable with trehalose in that role 
(Shamrock et al., 2008; Pacheco et al., 
2009). Hsp12 has also been reported to 
interact with Ire1p (Gong et al., 2009). The 
survival of HSP12 mRNA from thermal 
insult and the possible early induction of 
Hsp12 could be protection mechanisms 
for membranes that are not dependent on 
trehalose under those conditions (accord-
ing to our results presented in this thesis).
For the resumption of protein synthe-
sis after thermal insult, the early induction 
of TIF2 (translation initiation factor) and 
RPL26A (a component of the large ribo-
somal subunit, 60S), is obviously needed, 
because both are important for the pro-
tein synthesis. According to our microar-
ray data, during the recovery period until 
up to 6 hours post-treatment, many Ty 
retrotransposons are up-regulated. The 
induction of retrotransposons might have 
an effect on survival from an evolutionary 
perspective. It is known that different types 
of stresses induce transposition, enabling 
mutations that could help yeast adapt to 
the changing habitat (reviewed in Lesage 
et al., 2005).
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Transcriptional regulators during the recovery3. 
In eukaryotes, the transcriptional regula-
tion of protein-coding genes depends on 
a complex interplay between signaling 
pathways, upstream activator sequences 
(UAS), promoter areas, gene-specific 
regulators, co-regulatory protein com-
plexes including chromatin remodeling 
complexes, the Mediator complex, general 
transcription factors, TATA-binding protein 
(TBP), and RNA polymerase II. Many dif-
ferent activators can start the transcrip-
tion: promoter specifi c activator proteins 
(Green,2005) or even small chemical 
compounds with a certain combination 
of hydrophobic and hydrophilic functional 
groups are suffi cient for transcriptional ac-
tivation (Minter et al., 2004).
Unfolded protein response and 3.1. 
expression of Hac1p during the 
recovery
The perturbation of protein folding in the 
ER lumen leads to the dimerization and 
activation of transmembrane kinase Ire1p, 
which performs the non-conventional 
splicing of HAC1 mRNA in the cytoplasm 
(Sidrauski et al., 1997). Hac1p is a tran-
scription factor responsible for the induc-
tion of UPR-target genes, including KAR2 
(Kohno et al., 1993; Patil et al., 2004). The 
transcription factor Gcn4p is required for 
the activation of UPR, and it has a direct 
physical association with both Hac1p and 
the sequence motif of the UPRE (Patil et 
al., 2004). DUR is a regulatory mechanism 
by which a gene is induced fi rst at precon-
ditioning temperature, and then second 
time during the recovery period after ther-
mal insult (Seppä et al., 2004). BiP/Kar2p 
is subject to DUR and regulated via HSE 
and UPRE (Seppä et al., 2005).
The results of this thesis show that 
transcription factor Hac1p is also subject 
to DUR. After thermal insult, the transcrip-
tion of the HAC1 gene reaches a stable 
level within 4 hours. At the same time, 
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the transcribed HAC1 mRNA is effi ciently 
spliced and thus probably translated. It 
has also been recently shown by others 
that misfolded proteins in recovering cells 
trigger the DUR by Hsf1p and Hac1p (Ya-
mamoto et al., 2008).
Spt3p and Med3p are stress-3.2. 
related transcription factors
Our results show that transcriptional regu-
lators Spt3p and Med3p, subunits of the 
Spt-Ada-Gcn5-histone acetyltransferase 
complex and the Mediator complex, re-
spectively, are necessary for the compre-
hensive recovery of yeast cells after ther-
mal insult. The deletion of the SPT3 gene 
or the MED3 gene leads to the decreased 
acquisition of thermotolerance, and thus to 
impaired survival after thermal insult. Sim-
ilar results concerning spt3 strain have 
been recently reported (Mir et al., 2009), 
and Med3p has been shown to be nec-
essary for growth under prolonged heat 
stress (3 days at 37°C) (Auesukaree et al., 
2009). Our results suggest that the splic-
ing of HAC1 mRNA after thermal insult are 
diminished in the absence of Spt3p. In the 
absence of Med3p, the effect is even more 
explicit; the maximal expression and the 
splicing of HAC1 mRNA are diminished 
and delayed.
SAGA complex3.3. 
The Spt-Ada-Gcn5-histone acetyltrans-
ferase (SAGA) complex consists of 20 
subunits, and some of them are shared 
with the TFIID transcription initiation com-
plex (Fig. 7). At least the following proteins 
are listed as subunits of SAGA: Spt3p, 
Spt7p, Spt8p, Ada1p/Hfi 1p, Ada2p, Ada3p/
Ngg1p, Ada5p/Spt20p, Gcn5p, Taf5p, 
Taf6p, Taf9p, Taf10p, Taf12p, Tra1p, Ub-
p8p, Sgf11p, Sgf29p, Sgf73p, Sus1p and 
Chd1p (Grant et al., 1998; Wu et al., 2004; 
Baker et al., 2007).
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The SAGA complex regulates the ex-
pression of about 12% of yeast genome 
in normal conditions (Lee et al., 2000b). 
Most of the SAGA-regulated genes are 
stress-induced, and on the other hand, 
most of the environmental stress-response 
genes are SAGA-regulated (Huisinga et 
al., 2004). SAGA-dependent promoters 
require different combinations of SAGA 
components for the TBP recruitment, re-
vealing a complex combinatorial network 
for transcriptional activation in vivo (Bhau-
mik et al., 2002). In a recent study, the 
SAGA complex has been found on the 
promoters of every Hsf1p-regulated gene 
examined, including HSP104, and the oc-
cupancy increases in seconds upon heat 
shock (Kremer et al., 2009).
Spt3p during the initial phase of 3.3.1. 
recovery
Spt3p is a subunit of the SAGA complex 
(Grant et al., 1997), and it is located in 
the flexible part of the molecule (Wu et 
al., 2004) (Fig. 7 of this thesis). Spt3p 
regulates the transcription of many kinds 
of genes both negatively and positively 
(Belotserkovskaya et al., 2000; Lee et 
al., 2000b). However, only 3% of yeast 
genome is under the control of Spt3p, 
and most of those genes are included in 
a larger set of Stp20p-dependent genes 
(Lee et al., 2000b). Spt3p interacts with 
TBP and is required for the recruitment 
of TBP to the SAGA-dependent promot-
ers (Larschan et al., 2001; Bhaumik et 
al., 2002). It has been shown that a direct 
Spt3-TBP interaction is required to control 
transcription at particular promoters in vivo 
(Laprade et al., 2007). In addition, Spt3p 
cooperates with Mot1p in chromatin re-
modeling independent of transcription and 
TBP recruitment (Topalidou et al., 2004).
SUPT3H, a human homologue of 
Spt3p, can partially complement the spt3 
mutation and is a component of human 
STAGA complex (a homologue of yeast 
SAGA complex) (Martinez et al., 1998; 
Yu et al., 1998). SPT3 homologues have 
also been found in other fungi, at least 
Kluyveromyces lactis, Clavispora opun-
tiae, Schizosaccharomyces pombe (Madi-
son et al., 1998) and Candida albicans 
(Laprade et al., 2002). In addition, Spt3p 
is required for the virulence of C. albicans 
(Laprade et al., 2002).
Our results indicate that in the ab-
sence of Spt3p, the splicing of HAC1 
mRNA after thermal insult is diminished. 
The research group of Kaufman has re-
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Figure 7. The SAGA complex. The defi ned 
shape of the complex behind. The location 
of some subunits is indicated. Taf subunits 
are shortened to their identifi cation num-
ber, except for Taf5. Spt3p is located on 
the top of the complex, and Tra1p at the 
opposite end. Modified from Wu et al., 
2004.
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ported that some subunits of the SAGA 
complex are also involved in the tran-
scriptional activation of UPR-target genes. 
Ada4p interacts directly with Ire1p, and 
it is necessary for UPR (Welihinda et al., 
1997; Welihinda et al., 2000). In addi-
tion, deletions of Gcn5p, Ada2p or Ada3p 
have negative effects on the splicing of 
HAC1u mRNA (Welihinda et al., 2000). 
On the basis of our results, Spt3p is also 
needed for effi cient Ire1p activation and 
HAC1 mRNA splicing (III, Fig. 3 and 7A). 
Our microarray data brought out TRA1, a 
gene encoding a SAGA complex subunit, 
which is up-regulated during the fi rst hour 
of recovery. Tra1p is an essential protein 
known to be a target of multiple yeast tran-
scriptional activators (reviewed in Baker et 
al., 2007). This result further confi rms the 
signifi cance of the SAGA complex during 
the initial phase of recovery.
Mediator complex3.4. 
The Mediator complex is a multi-subunit 
complex (Fig. 8 of this thesis) required as 
a cofactor for the regulation of transcrip-
tion (van de Peppel et al., 2005; Andrau 
et al., 2006), particularly for that of stress-
induced genes (Fan et al., 2006). It is dis-
tantly conserved from yeast to man (Park 
et al., 2001a; Boube et al., 2002; Gugliel-
mi et al., 2004). The nomenclature of the 
components of the Mediator is reviewed in 
Bourbon et al., 2004.
The Mediator consists of 25 subunits 
and can be structurally divided into four 
submodules; head, middle, tail and Cdk8 
(Guglielmi et al., 2004). The Mediator tail 
domain represents a platform for interac-
tions with gene-specifi c regulators (Boube 
et al., 2002). The Mediator is autoregulat-
ed by a functional antagonism between the 
Cdk8 submodule and some components 
of the tail (Med15p, Med2p, Med3p), head 
(Med20p, Med18p) and middle (Med31) 
(van de Peppel et al., 2005). The regula-
tory Cdk8 module can dissociate from the 
Mediator and is degraded when yeast is 
growing under limiting nutritional condi-
tions (Nelson et al., 2003). When present, 
the Cdk8 module prevents the interactions 
between Mediator and RNA Pol II (Casa-
massimi et al., 2007).
Conventionally, the Mediator has been 
thought to be a global transcription cofac-
tor complex, a part of the RNA polymerase 
II holoenzyme (Koleske et al., 1994) and 
necessary for both basal and induced tran-
scription. The Mediator interacts directly 
Figure 8. The Mediator complex. 
The four submodules and the rela-
tive organization of the subunits are 
indicated. The location of Med3p 
on the very tip of the tail domain is 
excellent for interactions. Modifi ed 
from Guglielmi et al., 2004.
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with activator proteins, but the specific 
interacting Mediator subunit depends on 
the activator. In this model, the Mediator 
associates exclusively with transcription-
ally active genes and serves as a bridge 
between the RNA Pol II and the activator 
protein bound at the enhancer sequence 
(Kuras et al., 2003).
The research group of Holstege has 
revealed that the Mediator is largely re-
cruited all over the genome. They found 
Mediator subunits bound on the UAS re-
gions of active as well as inactive genes. 
These results suggest that Mediator re-
cruitment is not always tightly linked to im-
mediate activation. On the other hand, a 
pre-recruited Mediator can offer a binding 
platform for rapid activation (Andrau et al., 
2006).
Hsf1p can effi ciently recruit the Me-
diator, but transcription factors Msn2p/
Msn4p cannot (Fan et al., 2006). Similarly 
in Drosophila melanogaster, the Media-
tor and HSF have strongly accumulated 
in heat shock promoter areas under heat 
shock (Park et al., 2001b). Some Mediator 
subunits repress the basal transcription of 
HSP genes, and on the other hand partici-
pate in the transcriptional induction of the 
same genes during heat shock (Singh et 
al., 2006).
Med3p in the activation of UPR 3.4.1. 
Med3p (Pgd1p/Hrs1p) is a subunit of the 
Mediator complex (Piruat et al., 1997; 
Bourbon et al., 2004). Although the Me-
diator complex is conserved, Med3p does 
not have any sequence or even structural 
homologue in the D. melanogaster or hu-
man proteome (Park et al., 2001a; Boube 
et al., 2002; Guglielmi et al., 2004). The 
PGD1 (MED3) gene encoding the Med3p 
protein was originally identifi ed as a multi-
copy suppressor of a mutant mitochondrial 
RNA polymerase (Brohl et al., 1994). The 
deletion of MED3 does not affect basal 
transcription, but e.g. the activation of 
Gal4-VP16 disappears in vitro (Myers et 
al., 1999). Mutation in MED3 incurs a de-
fect in transcription reinitiation, because of 
the dissociation of mutant Mediator from 
promoter after initiation (Reeves et al., 
2003).
In the Mediator complex, Med3p is 
located on the very tip of the tail domain, 
together with Med2p (Piruat et al., 1997; 
Bourbon et al., 2004; Guglielmi et al., 
2004) (Fig. 8 of this thesis). The deletion 
of one of them results in the loss of the 
other (Myers et al., 1999). Med3p and 
Med2p are known to regulate transcription 
both positively and negatively (Piruat et 
al., 1997; Myers et al., 1999; Papamichos-
Chronakis et al., 2000).
Our results show that in the absence 
of Med3p, the maximal expression and the 
splicing of HAC1 mRNA were diminished 
and delayed. The Mediator complex in-
teracts with Gcn4p via Med3p, and in the 
absence of Med3p, the recruitment of the 
Mediator to genes activated by Gcn4p is 
impaired (Park et al., 2000). UPR-target 
genes are normally activated by Hac1p 
and Gcn4p together, but only the Gcn4p 
is necessary for the activation (Patil et al., 
2004). In the ∆med3 deletion strain, the 
UPR activation is impaired, probably be-
cause of problems in Gcn4-activation (III, 
Fig. 7B).
Biological consequences of 3.5. SPT3 
or MED3 deletion
HAC1 is an autoregulated gene, and 
Hac1p thus activates its own transcrip-
tion by directly binding to the UPRE pres-
ent in the HAC1 promoter area (III, Fig. 
7A). In the absence of this autoregula-
tion, cells cannot maintain high levels of 
HAC1 mRNA, and they cannot survive un-
der prolonged ER-stress conditions. This 
regulatory cascade is required for the sus-
tained activation of the UPR (Ogawa et al., 
2004). Our results show that HAC1 mRNA 
splicing is subject to DUR. The splicing 
of HAC1 mRNA after thermal insult is di-
minished in the absence of Spt3p, and di-
minished and delayed in the absence of 
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Med3p. In this context, it seems clear that 
one reason for the delayed HAC1 expres-
sion is the impaired HAC1 expression. 
The autoactivation loop is weaker than 
normally and it takes more time to raise 
the Hac1p level.
The expression of the KAR2 gene is 
partly under the regulation of transcription 
factor Hac1p (Kohno et al., 1993), and as 
a refl ection of diminished Hac1p expres-
sion, BiP/Kar2p expression is also dimin-
ished to the same extent in the absence of 
Spt3p or Med3p. Yeast vacuolar peptidase 
CPY requires intact Spt3p and Med3p for 
effi cient refolding and transport after ther-
mal insult. In addition, the reactivation of a 
cytoplasmic -lactamase reporter enzyme 
is diminished in spt3 and med3 strains. 
The natural importance of the Spt3 and 
Med3p in the recovery after thermal insult 
is emphasized by those results with heat-
denatured proteins in the ER lumen and 
cytoplasm. However, the role of Spt3p and 
Med3p, as well as other subunits of the 
SAGA and Mediator, needs more inves-
tigations to elucidate the exact hierarchy 
and specific interactions between com-
ponents during the recovery after thermal 
insult.
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Concluding remarks
CONCLUDING REMARKS
All organisms have evolved mechanisms 
to survive in different stress conditions in 
nature. Heat is one of the most hazardous 
stresses, and cells react to elevated tem-
perature by acquiring thermotolerance. 
Thermotolerance is a perfect combination 
of the amounts and activities of various 
cellular components not only before and 
upon thermal insult but also after it. For 
a unicellular organism like the yeast Sac-
charomyces cerevisiae, the survival of ev-
ery single cell is a matter of life and death, 
whereas in multicellular organisms a dam-
aged cell can be sacrifi ced by apoptosis. 
This study revealed new components of 
the transcriptional regulation and protein 
folding machineries in S. cerevisiae nec-
essary for survival after thermal insult.
First, new roles for cytoplasmic 
chaperone Hsp104 and cytoplasmic di-
saccharide trehalose were found. They 
both proved to be necessary for repair of 
heat-denatured secretory proteins inside 
the ER lumen. This fi nding represents an 
interaction between cytoplasmic and ER-
luminal refolding machineries, but the de-
tailed mechanism of cross-talk is still un-
clear. However, trehalose appeared to be 
dispensable for the maintenance of mem-
branes during and after elevated tempera-
ture. For future research, it could be inter-
esting to reveal the mechanism, by which 
Hsp104 and trehalose affect the refolding 
beyond the ER membrane. 
Using DNA microarray technique 
we elucidated the time course of gene 
expression after thermal insult during re-
covery at physiological temperature. Con-
comitant with recovery events at cellular 
level, genes coding for proteins related 
to refolding of heat-denatured proteins, 
and on the other hand, to the resumption 
of protein synthesis were expressed fi rst. 
UPR-related transcription factor Hac1p 
turned out to be subject to DUR at least 
at the mRNA level. The necessity of tran-
scription factors Spt3p and Med3p in the 
acquisition of full thermotolerance high-
lights the importance of the SAGA and the 
Mediator complexes in the transcriptional 
regulation after thermal insult. In the ab-
sence of Spt3p or Med3p, DUR of Hac1p 
was disturbed, resulting in impaired ex-
pression of Hac1p-regulated ER-luminal 
chaperone BiP/Kar2p and thus problems 
in refolding of heat-denatured proteins. 
The DNA microarray data offers an end-
less treasure chest, where one could pick 
up an interestingly regulated gene for fu-
ture research. The regulatory cascades of 
DUR need further examinations.
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